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ABSTRACT 

Aerobic treatment systems are commonly employed in winery wastewater treatment, 

because of their high efficacy, ease of use and versatility. However, a number of these 

systems are high energy intensive, have high establishment costs, generate large volumes 

of sludge, and are not yet optimised. This thesis addresses the design and optimisation of 

a vertical air micro-bubble bioreactor (AMBB), at pilot scale, for the treatment of winery 

wastewater. Critical operating parameters were adjusted to allow water reuse, the 

decrease in sludge production and energy requirements, as well as the recovery of winery 

by-products. To evaluate the AMBB efficiency, several operational parameters were 

studied (feeding regime, aeration time rate and organic loading rate), based on different 

response variables, such as chemical oxygen demand (COD), polyphenolic compounds 

and biomass production. In batch experiments, the COD removal was 98-99%, after 15 

days of treatment, while under continuous conditions the AMBB yielded a COD removal 

of 93-96% for an aeration time rate (ATR) of 20 min h-1 and different organic loading rates 

applied. For wastewater generated during the second racking period, a shorter ATR (5 

min h-1) did not significantly affect the COD removal, thus reducing both energy demand 

and operating costs. Although removal of polyphenols was less effective, these 

compounds were effectively recovered by ultrafiltration and sedimentation operations. 

The biodegradability of wastewater produced during each phase of the winemaking 

process, including poorly studied streams (electrodialysis wastewater), was evaluated by 

physicochemical characteristics, respirometric methods and kinetic parameters to predict 

their behaviour when discharged into the treatment system. Overall, the results showed 

that the AMBB is an economically feasible alternative to conventional treatments. 

 

Keywords: air micro-bubble bioreactor; chemical oxygen demand; polyphenol 
compounds; treatment efficiency; winery wastewater. 
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Caracterização, monitorização e controlo do tratamento de águas 
residuais da indústria vinícola em bioreator de microbolhas 

 
 
 
RESUMO 

Os sistemas de tratamento aeróbio de águas residuais vinícolas são de uso comum, 

devido à sua eficiência, simplicidade e versatilidade. No entanto, alguns desses sistemas 

evidenciam um consumo de energia elevado, geram grande volume de lamas, têm custos 

de implantação elevados e não estão ainda otimizados. O presente estudo visa a 

conceção e otimização de um biorreator vertical aeróbio de microbolhas (AMBB), à escala 

piloto, destinado ao tratamento de águas residuais vinícolas. O desempenho do AMBB foi 

estudado e ajustado em diferentes condições operacionais (regime de alimentação, 

arejamento e carga orgânica), com base em variáveis de resposta, designadamente 

carência química de oxigénio (CQO), polifenóis e biomassa produzida, com vista à 

reutilização da água, diminuição da produção de lamas e do consumo energético e à 

recuperação de subprodutos vinícolas. Nos ensaios em descontínuo, a remoção de CQO 

foi de 98-99%, após 15 dias de tratamento, enquanto em regime contínuo essa remoção 

foi de 93-96%, para uma taxa de arejamento de 20 min h-1 e diferentes taxas de carga 

orgânica aplicadas. No período da segunda trasfega, a redução da taxa de arejamento 

(5 min h-1) não alterou significativamente a remoção de CQO, permitindo reduzir o 

consumo energético e os custos de funcionamento. Apesar da remoção de polifenóis ter 

sido menos eficiente, estes compostos foram recuperados por sedimentação e 

ultrafiltração. A biodegradabilidade das águas residuais produzidas em cada fase do 

processo de vinificação, incluindo um fluxo pouco estudado proveniente de eletrodiálise, 

foi avaliada através de características físico-químicas, métodos respirométricos e 

parâmetros cinéticos, para prever o seu comportamento quando descarregadas no 

sistema de tratamento. No seu conjunto, os resultados revelaram que o AMBB é uma 

alternativa economicamente viável aos tratamentos convencionais. 

Palavras-chave: águas residuais vinícolas; biorreator aeróbio de microbolhas; carência 
química de oxigénio; eficiência de tratamento; polifenóis. 
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1. INTRODUCTION  

Industrial production generates a great amount of pollutants such as greenhouse gases, 

acidifying substances, wastewater emissions and waste, which need to be regulated. To 

address this issue, the European Union (EU) established a set of common rules for 

licensing and controlling industrial installations in the IPPC Directive of 1996 (Directive 

96/61/EC). The Directive is aimed to prevent or minimise pollution from different 

industrial sources all over the EU, and to achieve integrated control of their emissions, 

consumption of energy, water and raw materials. For the implementation of this 

Directive, the European Integrated Pollution Prevention and Control (IPPC) Bureau 

provided a major contribution by establishing Best Available Techniques (BAT) reference 

documents (BREF). These BREFs provide a reference for EU Member States authorities 

to ensure that permits include emission limit values based on BAT.  

Traditionally, the wine industry is not included among the most polluting industries; 

however it generates wastewater characterised by high organic load, low pH, and 

unpredictable salinity and nutrient levels. If this wastewater is discharged without 

adequate treatment it represents an environmental threat (Mosse et al., 2011), with 

potential to cause salination, oxygen depletion and eutrophication of water resources; 

soil sodicity or salinity; waterlogging and anaerobiosis and loss of soil structure with 

increased vulnerability to erosion (Van Schoor, 2005). On the other hand, the disposal of 

these complex mixtures is also responsible for the increase in production costs, thus 

compromising the wine competitiveness. 

Presently, sustainability programs, addressing both vineyard and wine operations, are 

ongoing in several world regions, to address the challenges and scrutiny of government, 

regulators, customers and consumers on the responsible environmental performance, in 

addition to social and economical issues. Some of the most relevant and well established 

programs are the Australia’s Sustaining Success Strategy, the New Zealand Winegrowing 

Program, the South Africa’s Integrated Production of Wine System, the European 

Programs on Sustainability and U.S. Initiatives – especially the Californian Sustainable 

Winegrowing Program (Gemmrich and Arnold, 2007; Santini and Cavicchi, 2011). 
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The wine industry is definitely committed to sustainability (Santini and Cavicchi, 2011), a 

broad concept often viewed as a goal. Albeit somewhat simplistic, sustainable 

winegrowing could be befined “as the growing and winemaking practices that are 

sensitive to the environment (Environmentally Sound), responsive to the needs and 

interests of society-at-large (Socially Equitable), and are economically feasible to 

implement and maintain (Economically Feasible)” (CSWA, 2006). In this context, there 

are several wine regions and individual wineries, especially in the new world wine 

producing countries, which are ahead in sustainable practices for several years 

(Gemmrich and Arnold, 2007). Moreover, they search certification or eco-label for their 

processes or products, which is an important advantage for those regions or companies 

in the global market.  

In Europe, winegrowing management schemes under ISO 14001 and EMAS (Eco-

Management and Audit Scheme) Regulations have been successful as shown by the 

growing number of winemakers and winegrowers that have implemented quality 

systems and standards in their companies (Gemmrich and Arnold, 2007; Foti et al., 

2011).  

In a recent survey, covering 25 European and new world winegrowing countries, the 

environmental sustainability was selected by 36% of the respondents as the most 

relevant issue for wine producers, being Australia/New Zealand the most concerned 

with the issue (66%) (Jones, 2012). In the same survey, when grower/producer/industry 

of these countries were asked to select the actions having the highest priority to 

improve the sustainability level of their companies, the priorities identified were 

ordered as follows: 1) integrating energy saving practices; 2) reducing pollutant product 

usage; 3) reducing waste and wastewater production; 4) integrating water saving 

practices; 5) waste treatment to make them less polluting; 6) Improving employee and 

life quality; 7) improving your company’s economic prospects; 8) minimizing acustic, 

olfactive and visual pollution; 9) supporting your local community; 10) calculating your 

company carbon balance (Jones, 2012). The questions 1) to 5) were selected as the most 

relevant to more than 60% of the Portuguese respondents, while question 10) was 

considered as the lowest priority (9%). 
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In Portugal, the implementation of the ISO 14000 family, and especially the ISO 14001 

standard, represented a driver for organisations to design and implement effective 

environmental management systems. As a result, the wine sector faced an increasing 

pressure in order to fulfill the legal environmental requirements and, consequently, new 

management strategies were implemented. Although environmental policies have been 

the main driver that led to the implementation of these novel strategies, public 

awareness of environmental issues and individual responsibilities also had an 

increasingly role. 

The costs of implementing novel practices in the wine sector have encouraged the 

industry to look for more sustainable management strategies, with a focus on reducing 

water and energy consumption, and improving their supply. So, the design and 

development of novel and cost-effective wastewater treatment systems, exploiting the 

use of BAT and aiming water re-use, are a challenge towards an eco-efficient strategy to 

protect the ecosystem from polluted wastewaters.  

The winery wastewater is seasonally produced and its treatment represents a main 

problem to the wine sector, as a result of both volumes and composition of the effluent 

produced throughout the year (Duarte et al., 1997; Duarte et al., 2004; Eusébio et al., 

2005; Pirra, 2005). Winery wastewater is generated mainly as the result of washing 

equipment and bottles and purges from the cooling process. Several wastewater 

treatment systems have been proposed, based on physico-chemical and biological 

approaches such as anaerobic digestion and aerobic treatment, but the efficiency of 

these systems still needs to be improved, the first due to the resistance of some 

compounds to biodegradation, the second as a result of deficient oxygen transference 

and demand for land to install the equipments. Consequently, the treatment system 

must be versatile to face the loading regimen and stream fluctuation. Moreover, the 

investment and operational costs associated with these systems are frequently 

uncompetitive. 
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There is no widespread agreement on the most suitable method to manage both winery 

wastewater and solid waste to ensure compliance with environmental legislation. 

Further, each winery is unique in wastewater generation and disposal, and plans for 

sustainable waste management are not universal and should be tested and optimised 

for its effectiveness (Van Schoor, 2005). 

Although several winery wastewater treatments are available, the development of 

effective and low cost alternatives is essential to increase their efficiency and to 

decrease the investment and operating costs (Coetzee et al., 2004). Also, more cost-

effective options for wastewater disposal have been identified as an area of high priority 

in Australia and California (Mosse et al., 2011).  

Briefly, the main available technologies used for wastewater treatment are based on 

membrane bioreactors (MBRs), sequencing batch reactor, upflow anaerobic sludge 

blanket (UASB), anaerobic sequencing batch reactor (ASBR), jet loop reactors (JLR), and 

air bubble reactors. The anaerobic treatments such as UASB and ASBR have successfully 

been used to treat a variety of effluents including those from wineries. The chemical 

oxygen demand (COD) removal efficiency is greater than 90%, but a specific microbial 

community is required. However, normally after this reactor there is an aerobic post-

treatment, to return the treated water to environment (Moletta, 2005). The MBRs are 

very compact systems and offer an alternative to conventional activated sludge 

processes. The COD efficiency achieved is above 97%. The electricity consumption and 

the operating life of the membranes are higher than those associated with traditional 

activated sludge systems (Artiga et al., 2005; Artiga et al., 2007; Bolzonella et al., 2009; 

Guglielmi et al., 2009). The subsurface-flow constructed wetland is able of complete 

organic load removal (and others), but frequently wineries do not have available area for 

setting up such plants (Dahab and Surampalli, 2001; Grismer et al., 2003; Mulidzi, 2007). 

The effluent treatment of small wineries (less than 15,000 hL of wine per year), can be 

done by using a sequencing batch reactor (SBR) fed once a day. COD removal efficiency 

is between 86-99% (Torrijos and Moletta, 1997; Pirra, 2005; Brito et al., 2007). The on-

line monitoring of dissolved oxygen concentration appeared as a good indicator of the 

progress in the COD biodegradation (Andreottola et al., 2002). The jet-loop reactors 

(JLR) are also used for this type of wastewater, with a COD removal efficiency near 90%. 
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Also, the high shear stress applied on the nozzle influence the composition of the 

microbial population (Eusébio et al., 2005). But, the JLR systems usually have settling 

problems. The fixed bed biofilm reactor or the air-bubble column bioreactor using self-

adapted microbial population either free or immobilized can achieve 90% of COD 

removal. The last technology is very promising because it consists in a vertical reactor 

with good oxygen transfer and high biological conversion capacity (Petruccioli et al., 

2000; Andreottola et al., 2005). To optimise the mass transfer, a highly efficient Venturi 

injector coupled with multiplier nozzles was patented (AirJection®) and was already 

applied in lagoon (Meyer et al., 2004).  

Many of the winery wastewater compounds are readily biodegradable, but there are 

others (e.g., phenolic compounds, surfactants) that cannot be easily removed and may 

create problems in the treatment system. For example, the widespread use of 

surfactants in detergent formulation, such as the linear alkylbenzene sulphonates and 

the alkyl phenol ethoxylates, may generate problems in the treatment system. The 

potential impact of such releases depends on the inherent chemical properties, the 

quantities that are discharged and how they are partitioned (Scott and Jones, 2000).  

Knowledge on winery wastewater management has greatly increased in the last few 

years; however there are gaps on the subject and the existing strategies could be 

improved (Mosse et al., 2011). Most of the current treatment systems are not yet 

optimised, due not only to the reduced oxygen transfer but also the high area required 

for settling. These drawbacks are the source of high investment and operating costs 

making those systems impractical for use in most wineries, especially for small 

producers. 

Therefore the present research aims to deepen the knowledge on aerobic treatment of 

winery wastewater based on the optimisation of the Air Micro-bubble Bioreactor 

(AMBB), a system with a limited number of applications, but with the potential to 

overcome the problems faced in other systems. 
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2. THESIS STRUCTURE 

 Chapter 1 is the introduction to winery wastewater treatment and an overview 

of the different processes applied to the wine sector, as well as the presentation 

of the thesis structure.  

 

 Chapter 2 provides the background for understanding relevant aspects of winery 

wastewater treatment systems. After an overview about the winery sector and 

the winemaking processes and sources of waste, environmental management 

plans and wastewater treatment systems are reviewed. The objectives of the 

thesis with respect to the current state of art and the work-tasks are also 

provided. 

 

 Chapter 3 is devoted to the evaluation of the characteristics and biodegradability 

of winery wastewater generated during each step of the wine production 

process. Its content corresponds to the manuscript: 

Oliveira M., Silva H., Duarte E. Biodegradability of winery wastewater with emphasis 

on the electrodialysis flow (manuscript to be submitted to Water Science and 

Technology, 2013). 

 

 Chapter 4 corresponds to a published article concerning the design, construction 

and assessment of the Air Micro-Bubble Bioreactor (AMBB):  

Oliveira M., Queda C., Duarte E. 2009. Aerobic treatment of winery wastewater with 

the aim of water reuse. Water Science and Technology 60, 1217–1223. 

 

 Chapter 5 was in part published as a chapter book and provides knowledge on 

the optimisation of AMBB operating parameters: 

Oliveira M., Duarte E. 2011. Winery Wastewater Treatment – Evaluation of the air 

micro-bubble bioreactor performance. InTech Book – Mass Transfer - Advanced 

Aspects, 385–412. 
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 Chapter 6 is concerned with the evaluation of the AMBB performance under 

oxygen-limited conditions, aiming to reduce energy consumption. These results 

led to the following manuscript: 

Oliveira M., Silva H., Duarte E. Improvement of the AMBB Performance by Reducing 

the energy consumption during winery wastewater treatment (manuscript to be 

submitted to Water Science and Technology, 2013). 

 

 Chapter 7 presents the results published in an article dedicated to the recovery 

of polyphenols and polysaccharides compounds using an integrated 

sedimentation and ultrafiltration process: 

Giacobbo A., Oliveira M., Duarte E., Mira H., Bernardes A., Pinho N. 2012. 

Ultrafiltration based process for the recovery of polysaccharides and polyphenols 

from winery effluents. Separation Science and Technology 48, 438-444. 

 

 Chapter 8 is related to the evaluation of the quality of the treated wastewater 

and the solid waste produced in selected Portuguese wineries where the AMBB 

system was tested or settled: 

Oliveira M., Duarte E. 2012. Integrated approach to winery waste - waste generation 

and data consolidation. Frontiers of Environmental Science and Engineering 

(submitted 2012, under revision). 

 

 Chapter 9 provides a general discussion of the results obtained throughout the 

study. 

 

 Chapter 10 summarizes the main conclusions and future research developments.  

 

 

Margarida Oliveira had the main responsibility for the entire work in articles for which 

she is the first author. Concerning the article that makes up Chapter 7, as a co-author, 

Margarida Oliveira contributed for the conception and experimental design, sample 

collection, physicochemical analyses and discussion of the results. 
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1. OVERVIEW ON GRAPE AND WINE PRODUCTION  

The millennial history of the vine and wine represents a heritage that gathers past, 

present and future generations, being closely interlinked with the history of agriculture, 

civilization and humanity itself (Surico, 2000). From ancient civilizations to the modern 

world, grape growing and wine production have been economic activities with a high 

relevance in agricultural productivity, throughout the world, particularly in the south of 

Europe and in the new member states of the southern central and Eastern European 

countries (Dougherty, 2012).  

The total area surface occupied by vineyards is about 7.58 x 103 ha in the world, 

accounting for a global grape production of 692 X 105 ton and for a world wine 

production of 264 million hL (MhL) (OIV, 2012). Although provisional, forecasts for 2012 

reveal a fall of 6% of the global wine production in comparison to 2011 (Figure 1) (OIV, 

2012).  

 

Figure 1. Evolution of world wine production (forecast to 2012) (OIV, 2012). 

 

In Europe, the global area under vines has declined in the last few years mainly due to 

the implementation of the new Common Market Organization for win (April 2008), 

aiming to reduce overproduction, phase out expensive market intervention measures 

and to make European Union (EU-27) wine more competitive on the world market. Over 

the three-year period 2008/2009 - 2010/2011, 175,000 ha have been taken out of 

production in the EU-27 and the Portuguese grape growing area has declined by 4.3 

percent. Despite that reduction, EU-27 still accounts for almost half of the world’s vine-
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growing area, and is the world leader in wine production, accounting for 60% of the 

world wine production. Italy, France and Spain are the three leading wine producers 

worldwide whereas Portugal ranks the tenth position in the world (Top 10) and the fifth 

in the EU-27 (Figure 2). This is remarkable, taking in account the small area of the 

country, and reveals the importance of this sector not only in Portugal but also in 

European and global context (OIV, 2012). 

The world wine production level for 2012 was down (-9%) compared to 2011, and 

among the main European producing countries important decreases were observed in 

Hungary (-32%), France (-19%), Bulgaria (-16%), Spain (-6%), Germany (-3%) and Italy 

(-3%). Only production forecasts of Greece and Portugal are positive, 15% and 4%, 

respectively (OIV, 2012). 

 

Figure 2. Wine production trend in the EU-27 (‘000 hectolitres), considering the volume of 
product removed from fermenters after the first natural fermentation of the must of fresh 
grapes (juices and other musts excluded); 2011 (provisional) – 2012 (forecast) (OIV, 2012). 

 

In what concerns the global wine consumption estimation for 2011 (244.3 MhL) a 

reverse of the decreasing trend registered since 2007 could be observed (Figure 3 A). 

However, the consumption values are far from those recorded in the past, because the 

wine consumption per capita has been falling for decades, mainly in southern European 

countries where the change of consumption habits has been significant. Also the 

continued general economic crisis is assumed to probably affect this positive trend for 

the next years (OIV, 2012). When the Top 10 consumer countries are considered, the 

southern European countries (France, Italy and Spain) declined the wine consume during 
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the last decade, whereas United Kingdom, Russian Federation, USA and China have 

experienced a relevant increase (Figure 3 B).  

Considering the balance of the wine market (“production-consumption” difference), 

under the most positive forecast scenarios, it is expected that the global wine 

production could be lower than consumption plus industrial needs (brandy, vinegar and 

vermouth, estimated at 30 MhL).  

  

Figure 3. Global wine consumption (A), and trends 2000-2011 for the TOP 10 wine consumer 
countries (B) (‘000 hectolitres) (OIV, 2012). 
 

Although Portugal is a small country, it has a great diversity of soils, microclimates and 

most probably one of the highest number of catalogued grapevine varieties in the world 

(over 500), including several autochthonous varieties and also other internationally 

known varieties (Jones and Alves, 2012). The behaviour of each variety growing under 

different edaphoclimatic conditions and “terroirs”, in addition to processing factors, 

provide wines with unique characteristics.  

Presently, 14 wine regions are considered in the country (Figure 4 A) where the majority 

of wines are either with Protected Denomination of Origin (PDO) or with Protected 

Geographic Indication (PGI). A great diversity of wines are produced in Portugal, 

including red, white and rose dry wines, sparkling wines, fortified wines (Madeira and 

Port), and numerous dessert wines (Jones and Alves, 2012), being rosé and mainly red 

wines the most representatives in terms of volumes, 71% in 2010 (GAIN, 2012). The 

main producing regions in Portugal are Douro, Alentejo and Lisboa, followed by Beiras 

and Minho (Figure 4 B).  
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Wine is actually a high value product whose distinctiveness is closely linked to its 

geographic identity and environment where it is produced. To report a few examples, 

places like Bordeaux (France), Napa Valley (California) and Douro Valley are 

internationally recognized as providing exceptional conditions to produce high quality 

wines, in terms of soils, climate and ecological conditions, in a close connection with the 

place and the landscape. Abroad, the Douro Valley is mainly recognized by its typical 

fortified wine, the Porto wine, and the Douro Valley was the first wine-producing region 

in the world to have been attributed an official demarcation, in 1756. The particularities 

of this region, as an outstanding example of traditional European wine-producing region 

and cultural landscape, and also reflecting its technological, social and economic 

evolution, led UNESCO to declare the Douro winemaking region as a World Heritage Site 

(whc.unesco.org/en/list/1046). A similar award was more recently attributed to the Pico 

region, Azores Islands. 

 

 

 

Figure 4. Wine regions in Portugal (A) and respective wine production over the last six years (B) 
(source: ivv.min-agricultura.pt). 

 

Other wine-growing regions of the country do not have yet a comparable international 

prestige, but they play an important role in the development and economy of local 

communities and of country, providing local venues that combine the wine industry with 

culture, heritage and landscape. Over recent years, both in Portugal and abroad, the 
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enotourism and the wine routes are attracting a certain type of tourists and consumers 

that are changing their behaviour to integrate environmental issues into their lifestyle 

choices. For these, the wine quality is perceived not only by the organoleptic 

characteristics of the wine, but also based on how well the product satisfies their needs 

and how this product affects the natural environment. In some cases, consumers are 

willing to pay a premium for environmentally friendly products (Barber et al., 2009). In 

fact, the prominence of a given wine region and their wines is increasingly linked to 

sustainability issues (Santini and Cavicchi, 2011). 

On wine industry, the sustainability concept is envisaged under multiple perspectives, 

which include: i) grape growing and the benefits of management techniques that reduce 

reliance on toxic pesticides and fertilizers, petroleum and other inputs with negative 

effects on the human health and environment; ii) winemaking technologies in 

compliance with legislation, contributing to reduce the extent of environmental impacts, 

e.g. wastewater run-off and organic wastes, water consumption and energy costs; but 

the concept also applies on wine transport, and marketing and quality (economic 

issues), in addition to social responsibility. Overall, these parameters are key factors 

which contribute for the long-term viability of the wine industry (Gemmrich and Arnold, 

2007; Broome and Warner, 2008; Zucca et al., 2009; Pullman et al., 2010). 

In environmental terms, the wine industry has not received as much attention as other 

industries often characterized as "dirty" or polluting, as the chemical industry. However, 

the wine industry still faces a number of serious environmental problems and challenges 

(Barber et al., 2009). Worldwide, wines with credible certification for sustainable 

practices have been able to improve sales and broaden their consumer appeal based on 

a “green” image (Pullman et al., 2010). 

2. THE WINEMAKING PROCESS AND SOURCES OF WASTES 

Annually, wineries generate large volumes of wastewater, which depends on the winery 

dimension, the winemaking technology (e.g., red, white or special wines) and the 

specific operation that is being performed (Andreottola et al., 2002; Malandra et al., 

2003 Coetzee et al., 2004; Brito et al., 2007; GWRDC, 2011). Winemaking typically 
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involves receiving grapes, crushing and pressing, processing (including maturation and 

stabilization), and bottling (Figure 5). During each working period, wastewater volumes 

are produced from crushing and pressing of grapes, rinsing of fermentation tanks, 

barrels and other equipment (racking operations) and surfaces (Petruccioli et al., 2000; 

Brito et al., 2007), differing in their composition and quality.  

Briefly, the main stages of the winemaking process and contamination sources are as 

follows: 

 Grape reception. The produced wastewater from this stage comes from the washing 

of the mechanical machinery and that of the floors. It is rich on suspended solids, 

dissolved sugars, potassium and sodium. 

 Crushing and Pressing (Must production). The grapes are pressed to produce must 

and solid residues (grape pomace), which consists mostly of skins, seeds and stems 

(Genisheva et al., 2012). The produced wastewater comes from the washing of the 

machinery, the washing of the production room, the loss of must due to its transfer 

to the fermentation tanks as well as the pre-washing of the fermentation tanks. 

 Fermentation. From this stage, wastewater is produced mostly from rinsing of 

fermentation tanks. 

 Decanting. During the decanting, the supernatant wine is separated from the 

produced wine lees .The produced wastewater comes from the washing of the 

tanks, from the pre-washing of the stabilization tanks, from the cleaning of the 

decanting pump, from the washing of the production room as well as from losses 

during wine decanting (Vlyssides et al., 2005). 

 Maturation–stabilization. From this stage, no relevant wastewater is produced 

(Vlyssides et al., 2005). 

 Filtration. The wine is filtered in order to improve its quality. The produced 

wastewater comes from the washing of the tanks, from the pre-washing of the 

storage tanks, from the cleaning of filters, from the transportation pump, from the 

washing of the production room as well as the possible wine losses during its 

transfer (Vlyssides et al., 2005).  

 Tartaric stabilization. The excess of potassium hydrogen tartrate is removed from 

the wine by subtractive or additive methods. One of the methods uses a membrane 
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process, electrodialysis that gives rise to two different flows, the electrodialysis-

treated wine and the wastewater flow mainly containing potassium hydrogen 

tartrate and calcium tartrate. The produced wastewater comes from the washing of 

the tanks, from the cleaning of membranes, from the transportation pump, from 

the washing of the production room as well as the possible wine losses during its 

transfer (Gonçalves et al., 1999, Gonçalves et al., 2003; Bories et al., 2011). 

 Bottling. The produced wine is sold either in bulk or as bottled which is charged 

from tanks to transportation trucks or in the packaging unit. From this stage, the 

produced wastewater comes from the washing of tanks, the washing of equipments 

and the washing of packaging room (Vlyssides et al., 2005). 

 

Figure 5. General steps on winemaking process with emphasis on sources (GWRDC, 2011). 

The volume and quality of wastewater generated during each step of the winemaking 

process is highly variable, both within and between wineries, and its precise composition 

is not known but arises mostly from rinsing operations within the winery. Nevertheless, 

the winery wastewater is predominantly made up of wine, grape juice, suspended solids 

and cleaning agents (e.g. NaOH, KOH) and a high organic load, low pH, variable salinity 

and nutrient levels are associated with it, thus posing a potential threat to the 

environment (Mosse et al., 2011). The potential environmental impacts from this sort of 
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wastewater and their hypothetical sources are provided in Table 1, taking into account 

the type of constituent and the respective analytical parameter(s). 

Table 1. Potential environmental impacts from winery wastewater 

Constituent  Indicator Source Possible Effect 

Organic 
matter 

 

BOD
1
,  

TOC
2
, 

COD
3
 

 

• Product loss – juice, wine and lees 
• Residues in cleaning waste 
• Residues in DE filter waste 
• Solids reaching wastewater drains 
including skins, seeds, etc 

• Depletes oxygen when 
discharged into water, leading to 
the death of fish and other 
aquatic organisms 
• Malodours generated by 
anaerobic decomposition cause 
nuisance if waste is stored in open 
lagoons or land applied 

Alkalinity/ 
Acidity 

pH 
 

 

• Ion exchange – acidic, pH around 2 
• Product loss – juice and wine – 
acidic, pH 3.5 to 5.5 
• Alkali/caustic 
• Microbial metabolism of organic 
substrates during storage of 
wastewater further acidifies the 
wastewater 

• Death of aquatic organisms at 
extreme pH ranges 
• Affects microbial activity in 
biological wastewater 
treatment processes 
• Affects the solubility of heavy 
metals in the soil and availability 
and/or toxicity in waters 
• Affects crop growth 

Nutrients 

 
Nitrogen, 
phosphorous, 
potassium, 
sulphur 

 

• Product loss – juice, wine and lees 
• Proteins removed from wine to 
prevent haze are a source of nitrogen 
and to a less extent phosphorous 
• Phosphate detergents and 
phosphoric acid 

• Eutrophication or algal bloom 
when discharged to water or 
stored in lagoons; algal blooms 
can cause undesirable odours in 
lagoons 
• N as nitrate and nitrite in 
drinking water supply can be toxic 
to infants 
• Toxic to crops in large amounts 

Salinity 

 
EC

4
, TDS

5
, 

 
• Alkali washing – caustic 
• Saline groundwater used for 
cleaning 
• Product loss – juice, wine and lees 
• Ion exchange 

• Toxic to aquatic organisms 
• Affects water uptake by crops 
• Affects nutrient balance, i.e. 
soils and crops 

 
Sodicity SAR

6
, ESP

7
 

 
• Alkali washing – caustic 
• Product loss – juice, wine and lees 
• Saline groundwater used for 
cleaning 

• Affects soil structure, resulting 
in surface crusting, low infiltration 
and hydraulic conductivity, hard 
and dense subsoil 
• May increase susceptibility of 
soil to waterlogging 

Heavy 
metals  

 • Al, Cu, piping and tanks, Pb 
soldering, brass fittings 

• Toxic to plants and animals 

Solids TSS
8
 • Product loss – juice, wine and lees 

• Residues in caustic/citric acid 
cleaning waste 
• Residues in DE filter waste 
• Solids reaching wastewater drains, 
including skins, seeds, etc 

• Reduces soil porosity, leading to 
reduced 
oxygen uptake 
• Can reduce light transmission in 
water 
• Can smother habitat 
• Odour generated from anaerobic 
decomposition 

1. Biological oxygen demand; 2. Total organic carbon; 3. Chemical oxygen demand; 4. Electrical conductivity; 5. Total 
dissolved solids; 6. Sodium adsorption ratio; 7. Exchangeable sodium percentage; 8. Total suspended solids. 
Sources: Winewatch (2009), EPA (2004). 
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3. HOW TO IMPLEMENT AN ENVIRONMENTAL MANAGEMENT PLAN IN THE WINERY 

The implementation of an environmental management plan is an effective tool for 

supporting and monitoring the performance of wineries, from an environmental 

standpoint. Once developed, this plan will allow the winery to ensure that treated 

wastewater and waste are produced according to the required legislation, to final 

disposal or reuse. The plan must be credible and carried out by consultants with relevant 

experience in this area, together with the team from the cellar. The proposed plan 

should be discussed with the manager of the winery, to ensure that all aspects have 

been accounted for and understood (EPA, 2006).  

There is no unique environmental management plan, because each production unit has 

specific characteristics and therefore, the winery should develop its own plan. It must 

include different phases (Figure 6) and must be regularly audited and reviewed to 

ensure that it continues to be suitable, effective and adequate (EPA, 2006). 

 

 

 

Figure 6. Phases in an environmental management plan for wineries (adapted from van Schoor, 
2005). 

Evaluating 

• quality of the water process; 

• current destination of wastewater; 

• possible use of treated wastewater in irrigation; 

• legal procedures associated with wastewater 
irrigation; 

• crop water requirements; 

• quality of the water required to culture;  

• origin of the wastewater and associated 
pollutant. 
 

Monitoring 

• quality of the water process; 

• quality of wastewater; 

• volume of wastewater; 

• soil; 

• groundwater and surface water. 

 

 
 

 

 

Implementing 

• adequate training for operators 

• cleaner production processes in the cellar; 

• responsible storage of chemical reagents; 

• wastewater treatment; 

• solid waste management; 

• storage of data. 

 

 

 

 

Overall Evaluating and Adjusting 

• environmental management plan; 

• necessary permits  (e.g., discharges, reuses); 

• strategies for cleaner production; 

• volume and quality of wastewater (parameter 
analysis); 

• need to implement high-tech treatment and 
options; 

•new data, and new legal authorization, if 
required. 

 

 

 

 

 

Do Check and Act 

Plan 
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One of the most important and difficult steps on the implementation of any 

environmental strategy plan is the selection of the most appropriate technology for the 

winery wastewater treatment. Actually, an effective technology can substantially modify 

the characteristics of winery wastewater, generating recycled water suitable for other 

uses, such us irrigation. So, decision-making should be supported on an accurate 

diagnosis process, based on a survey report including all pertinent information.  

Regarding the production process, it should address all activities associated with the 

winery, including materials and supplies, as well as by-products generated during the 

process. Also, it should cover and identify all wastewater sources because the quality of 

each waste stream is variable (GWRDC, 2011). Also the wastewater flows should be 

quantified.  

Water use and water consumption are critical issues, both in terms of quantity or 

quality, because water use in the winery drives the volume of wastewater to be treated. 

Also the design of wastewater treatment plants must allow for peak volumes and loads 

(GWRDC, 2011). The total water consumption in the wineries is highly dependent on 

their size, which in turn indicates the amount of crushed grapes or wine produced. 

However, throughout the year, the distribution of water consumption is similar, 

regardless the winery size (Duarte et al., 2004; Oliveira et al., 2007). Most of the water is 

consumed during vintage and 1st racking periods (Figure 7), and the total volume is 

proportional to the vintage duration, i.e. the more the harvesting period lasts, the 

greater the amount of water consumed and effluent produced loads (GWRDC, 2011). 

Thus, each winery is unique in wastewater generation ranging from 0.8 to 14 L per litre 

of wine (Moletta, 2009). 

The record of water consumption along with the physicochemical characterization of the 

wastewater is essential for the proper sizing of any treatment system. In addition, these 

data are essential for understanding the need for a flexible treatment system because it 

should allow good removal yields during the vintage period, but must also remain in 

operation during the periods in which loads are lower (Mosse et al., 2011). Also, the 

survey of sewers in the farm unit, particularly the drainage system (separated or 

combined), and the points of wastewater discharge should also be covered.  
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Figure 7. Distribution of water consumption during the global period of the winemaking process: 
A, medium-sized winery (Duarte et al., 2004); B, small-sized winery (Oliveira et al., 2007). 

 

As referred above, the physicochemical quality of effluents is another key factor that 

should guide the treatment system to select, because their characteristics can vary 

widely throughout the year, according to the processes and activities of the winery 

GWRDC, 2011).  

In order to evaluate the environmental fate of treated wastewater, it is also important 

to know the winery surroundings, in particular the existence of sewage, the irrigation 

area, the type of structures and available areas, among others. In wineries intending to 

reuse the treated wastewater for irrigation other issues should be considered. For 

example, the domestic wastewater flow, containing high concentration of pathogenic 

microorganisms, should not be mixed with the winery wastewater stream. Those flows 

should be treated separately or discharged in the sewage. This decision is extremely 

important, since the wastewater from winery operations should not contain human 

pathogens. This separation avoids the regular monitoring and treatment for these 

pathogens, thus reducing the costs associated with disinfection processes. 

Finally environmental regulations and financial requirement for the initial outlay and the 

expertise required to manage the system are also key factors to be considered (Mosse et 

al., 2011). 
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4. WINERY WASTEWATER TREATMENT SYSTEMS 

The composition of the winery wastewater, which combines high organic with inorganic 

compounds, and the spatiotemporal dynamics of the wastewater between and within 

wineries, makes its treatment challenging, both at individual winery and industry levels 

(Mosse et al., 2011). 

As referred above, the quality and volume of wastewater, the end-use for treated 

wastewater, the local environment and the implementing and operation costs are the 

main parameters to be considered to select a winery wastewater treatment system. In 

general, wastewater treatments are based on physicochemical and biological 

approaches (Colin et al., 2005; Mosse et al., 2011). They may be used in different 

combinations (and sequences) and are generally grouped as primary, secondary and 

tertiary treatments.  

4.1. Physical Treatments 

Almost all winery wastewater treatment operations involve at least one physical step, 

predominantly to screen/settle out the large solids, including grape seeds, stalks and 

leaves, thus preventing other treatment machinery from getting clogged with solids 

(Tofflemire, 1972). The applicability of various physical treatments, such as evaporation 

(natural or forced), evapo-concentration by fractional condensation, microfiltration, 

ultrafiltration, electrodialysis and reverse osmosis for wastewater wineries have been 

studied (Smagghe et al., 1992; Durham et al., 2001; Rengaraj et al., 2001; Jacob et al., 

2010; Zhang et al., 2011). 

In the Mediterranean regions, the natural evaporation ponds have long been used in 

wineries, due to the reduced maintenance costs and investment. Although technically 

simple, this methodology has several drawbacks, e.g. emission of malodours and 

contamination of soil and groundwater. Also, in areas with high land value, the footprint 

associated with this technology is a relevant issue (Mosse et al., 2011). To minimize 

these effects certain measures have to be taken. The construction of the evaporation 

ponds must comply with a minimum distance of 250 m from houses, should not be held 

in floodable areas, and the grounds should also be waterproofed by application of 
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geomembranes or clay, controlled by geotechnical monitoring (Bories et al., 2005; 

Bories et al., 2007). The evaporation ponds act as a reservoir of wastewater which is 

subjected to an evaporation effect (which may be natural or forced, leading to the 

concentration of suspended particulate organic matter). The effluent from this process 

can be used in agriculture, applied through irrigation (Masi et al., 2002; Clerc, 2004). The 

forced evaporation system is composed of a buffer tank of small size, high surface 

alveolar panels (which increases the amount evaporated) with automated injection of 

biocide cleaning solution (Clerc, 2004). 

The “Evapo-Concentration to Fractional Condensation” (ECCF; abbreviation from 

French) is a new biophysical process, comprising two stages, in the first occurs the 

fermentation of sugars by forming ethanol and the second stage consists in the 

separation of ethanol from the final effluent. From the separation process of ethanol 

three phases result: depurated water, an alcohol product with at least 40% ethanol and 

a concentrated residual by-product. The final effluent can be subjected to a thinning 

treatment (in the case of having parameters above legal limits) or discharged to the 

municipal collection system. The final effluent  

can be also reused (e.g. washing operations and industrial applications). The alcoholic 

product may be sold or used as fuel. Also the residual product can be used as a fertilizer 

due to the content in organic compounds and inorganic compounds. Thus, the ECCF 

appears as a new concept for the treatment of winery wastewater, opening the way for 

a new generation of wastewater treatment, with a view to sustainable development 

through the enhancement of the compounds produced and reuse of the final effluent 

(Colin et al., 2005).  

This process can be used as a complete treatment or pre-treatment. For complete 

treatment, which also includes demineralization of purified water, Colin et al. (2005) 

reported an efficiency of COD removal of 99 to 99.7%, and for pre-treatment (involving 

only the separation of ethanol) 80% of COD removal was achieved. The pre-treatment is 

more competitive, technically simpler and more easily adaptable to fluctuations in 

volume and load. While this technology is highly effective, it has two major 

disadvantages because it requires a large input of energy (proportional to the organic 
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load) and results in the production of considerable volumes of sludge (0.3 g VSS g-1 BOD) 

that in turns require management, with additional costs (Colin et al., 2005). 

Also, physical treatments are used for salt removal, an important step when high sodium 

ion concentration is present in the wastewater and the treated water is reused or 

disposed onto land (Tillman and Surapaneni, 2002). 

As reviewed by Mosse et al. (2011), there are several technologies for salt removal, such 

as electrodialysis, ion exchange and reverse osmosis, which tend to be more 

advantageous for use in large wineries due to the high energy consumption and 

maintenance costs. Moreover, the desalinization process produces highly concentrated 

brine, which requires disposal, being evaporation ponds the most feasible means of 

managing and disposing the brine produced (Ahmed et al., 2000). However, evaporation 

ponds have several negative impacts. 

In this section we consider several methods that may be used for salt removal in winery 

wastewater, namely ion exchange and reverse osmosis (RO). Ion exchange is a process 

involving the exchange of ions between solution and immobilised resin, and is quite 

widespread in wastewater treatment plants for the removal of ions including 

ammonium (Jorgensen and Weatherley, 2003), chromium (Rengaraj et al., 2001) and 

boron (Kabay et al., 2004). Ion exchange processes are quite common in winemaking 

itself, although there is no report of their use in winery wastewater treatment. While 

ion-exchange resins may be generated synthetically, natural zeolites (clinoptolites) are 

also capable of removing cationic contaminants from wastewaters (Pitcher et al., 2004). 

This natural mineral has a high specificity for K+, and a moderate specificity for Na+ 

(Ames, 1960), which suggests that it could be suited to removal of these inorganic ions 

present in winery wastewater.  

RO is arguably the most effective method of salt removal and water purification, and 

this technology is used to treat wastewaters for potable reuse. While very effective, pre-

treatment by microfiltration (Durham et al., 2001) or ultrafiltration (van Hoof et al., 

1999) is usually required to prevent biofouling of the RO membrane, and permit the RO 

system to operate at design capacity (Jacob et al., 2010). The other significant concern 

surrounding membrane treatment is the high energy requirement for operation, 

although pre-treatment stages have been shown to reduce the energy demand (Pearce, 
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2007). Although RO is suited to wastewater treatment (Jacob et al., 2010; Zhang et al., 

2011; Dolar et al., 2012), the economic and environmental costs make it largely 

impracticable at this stage (Mosse et al., 2011). 

The winery wastewater can also be used as potential source for the recovery of 

polyphenolic compounds and polysaccharides, which has high commercial value. 

Different membrane technologies such as microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO) have already been widely used in the 

recovery, concentration and fractionation of value added products in other areas 

(Santos et al., 2008; Vandanjon et al., 2009; Mello et al., 2010) and hence can be 

considered as alternative treatment processes for winery wastewater. 

Membrane technology, namely ultrafiltration, is best suited for the separation of the 

macromolecules in the wastewater (Catarino et al., 2008; Chabeaud et al., 2009). Using 

membrane processes, anthocyanins from vegetable extracts were recovered at high 

recovery rates (Meng et al., 2006; Garcia-Castello et al., 2010). However, few studies 

have been conducted with winery wastewater, in order to obtain a concentrated 

solution enriched in polyphenols and polysaccharides. 

4.2. Physicochemical Treatments 

Within the physicochemical methods there are some processes that are applicable to 

winery wastewater treatment, including the advanced oxidation processes (AOPs). The 

AOPs are innovative technologies that have received increasing attention in the research 

and development of wastewater treatment in the last decades. They provide an 

alternative for wastewater treatment for the removal or degradation of toxic pollutants 

or used as pre-treatment to convert recalcitrant pollutants into biodegradable 

compounds that can then be treated by conventional biological methods. The efficacy of 

AOPs depends on the generation of reactive free radicals, the most important of which 

is the hydroxyl radical (OH
.
) used for the oxidation process (Wang and Xu, 2012). 

Radiation, photolysis and photocatalysis, sonolysis, electrochemical oxidation 

technologies, Fenton-based reactions, and ozone-based processes are the main types of 

AOPs described for wastewater treatment in general. 
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Photocatalysis reactions are a subset of AOPs that rely on a catalyst and ultraviolet (UV) 

or visible radiation to cause oxidation. Commonly, the most widespread catalysts used 

are Fenton's reagent, titanium dioxide or ozone, wherein each one of them gives 

different characteristics to the photocatalysis process. 

The Fenton's reagent, a mixture of hydrogen peroxide (H2O2) and an iron (II) salt (Fe2+), 

has a strong oxidising power which degrades many organic compounds, particularly the 

water soluble aromatic compounds. Due to its tendency to react with aromatic 

compounds the decrease in the polyphenol content is faster than that of COD or TOC 

(Gernjak et al., 2001; Beltran de Heredia et al., 2005; Ormad et al., 2006; Lucas et al., 

2008). Although associated with a low cost, the main disadvantage is that Fenton's 

reagent is a homogeneous catalyst, added as salts of iron, which may remain dissolved, 

causing additional water pollution. To overcome this issue the heterogeneous photo-

Fenton process emerged, characterized by the use of a semiconductor oxide in the 

presence of ultraviolet (UV) or visible radiation, capable of interacting with the Fenton 

reagent. 

The processes based on Fenton's reagent are affected by a variety of factors, e.g., pH, 

concentration of H2O2, characteristics of the catalyst, reaction time, initial composition 

of the effluent and the concentration of organic matter in the effluent (Araña et al., 

2001; Galé et al., 2004; Mosteo et al., 2004; Navarro et al., 2005; Mosteo et al., 2006; 

Ormad et al., 2006). Beltran de Heredia et al. (2005) found that this process is affected 

by the organic load of the effluent, being the treatment efficiency lower for more 

concentrated effluent. The Fenton process can also be used after an aerobic treatment, 

as a method of final thinning of wastewater, to remove the majority of the remaining 

polyphenolic compounds (Beltran de Heredia et al., 2005). Later, Lucas et al. (2009) 

suggested that the efficacy of the photo-Fenton reaction could be increased, if ethanol is 

previously eliminated from winery wastewater by air stripping. Other authors also 

reported the use of AOPs with Fenton's reagent as pre-treatment, making certain 

organic compounds more degradable by biological treatment (Mosteo et al., 2004; 

Agustina et al., 2008). 

Photocatalysis based on the use of titanium dioxide (TiO2) and UV-A or visible radiation 

consists of the excitation of electrons of a catalyst (TiO2) by UV radiation or visible light, 
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creating positive and negative charges to the surface of the catalyst. These loads are 

responsible for redox reactions which will lead to degradation of the effluent (Gimeno et 

al., 2007). The main advantages of the photocatalysis with titanium dioxide are the 

availability of sunlight and the low price, availability and stability of the catalyst (TiO2). 

Moreover, TiO2 is capable for oxidation of a wide range of organic compounds into 

harmless compounds such as CO2 and H2O (Chatterjee and Dasgupta, 2005). 

Among the drawbacks associated with titanium dioxide photocatalysis there is the 

difficulty of separating final particles from the aqueous TiO2 matrix, and loss of radiation 

after recombination. To overcome these drawbacks it has been proposed the coating of 

TiO2 particles on the surface of the reactor, and the use of oxygen excess or addition of 

inorganic H2O2 to prevent light loss (Gimeno et al., 2007). 

Photocatalytic ozonation (O3/UV/TiO2) is a powerful chemical oxidation method which 

involves two major pathways of degradation, ozonation (O3) and direct photolysis. This 

method is considered superior to ozonation and photocatalysis (UV/TiO2), due to 

synergistic effects (Giri et al., 2008) and is emerging as a promising oxidation method for 

recalcitrant organic contaminants, including pesticides, due to a large number of OH
.
 

generation (Beltran de Heredia et al., 2005; Farre et al., 2005; Li et al., 2005; Gimeno et 

al., 2007; Agustina et al., 2008). The advantages of this method mainly arise from the 

properties of ozone, a strong oxidising agent which is not source of pollution and whose 

degradation leads to a lower formation of toxic elements. The ozonation process 

reduces recalcitrant organic matter and enhances the biodegradability of organic 

compounds, since it allows the formation of smaller and less toxic molecules, which are 

more easily metabolized by microorganisms. Thus, it tends to increase the wastewater 

biodegradability facilitating the aerobic treatment. However, this technology is not 

considered so effective on total organic carbon (TOC) and COD removals than others 

(Mosse et al., 2011).  

The effectiveness of different ozone-based AOPs on winery wastewater treatment was 

investigated in a bubble column reactor (Lucas et al., 2010). The O3/UV/H2O2 treatment 

revealed to be the most efficient on TOC and COD removal, especially if the system is 

operated at alkaline pH (pH 10), and the most economical process, when compared to 
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O3 or O3/UV treatments. However, according to Mosse et al. (2011) it is unlikely that 

ozone-based processes are used in the winery industry at this stage, since they are 

rather expensive, require safety precautions (ventilation, maintenance, frequent 

monitoring) and are relatively complex.  

Despite some drawbacks, the wastewater treatment with ozone has been 

recommended both as pre-treatment and tertiary treatment. When used as a pre-

treatment it promotes increased biodegradability of the effluent and permits the 

removal of toxic compounds and inhibitors. If used as tertiary treatment it allows the 

removal of the remaining recalcitrant compounds (Beltran de Heredia et al., 2000). 

4.3. Natural/Biological Treatments 

Biological processes have proven to be the most suitable to the treatment of 

wastewaters with high organic loads (Pirra et al., 2004). The organic matter in the 

winery wastewater is essentially soluble and quickly biodegradable. For this reason 

biological treatment systems are particularly interesting options for this type of effluents 

(Torrijos et al., 2004; Bolzonella and Rosso, 2009). Nevertheless, the variable nature of 

wastewater composition and quantity should be faced and the treatment plants must be 

able to handle fluctuations in influent composition and volumes. Concerning the 

wastewater composition, the toxicity of the wastewater may lead to a partial inhibition 

of biodegradability because some microorganisms are particularly sensitive to phenolic 

compounds and some intermediates of their degradation, pesticides and chemical 

compounds (Beltran de Heredia et al., 2005; Stricker and Racault, 2005). 

In a broad sense, biological treatments can be divided into aerobic and anaerobic 

processes. The first is based on oxygen to facilitate microbial-mediated breakdown of 

organic matter present in wastewaters, while the second occurs in the absence of 

oxygen, relying on alternative metabolic pathways utilised by a consortium of different 

microorganisms (Mosse et al., 2011). Nevertheless, the combined use of 

anaerobic/aerobic treatments is referred as the best option to be used on winery 

wastewater treatment (Fernández et al., 2007). 
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The preference for anaerobic processes is associated to their proper performance and 

economy of operation (Rodrigues et al., 2006). By comparing aerobic and anaerobic 

systems, the aeration costs are proportional to the content of organic matter to be 

removed, which may lead to quite significant operating costs. In contrast, the anaerobic 

systems require no aeration, and in the case of use of the biogas generated, anaerobic 

digestion can present a positive energy balance. Also, the anaerobic systems have the 

advantage of lower production of sludge, due to the slower growth of anaerobic 

microbes. Anaerobic processes, as compared to aerobic systems, have a slower kinetics, 

thus reflecting into higher hydraulic retention times and larger volumes of reactors. They 

are more sensitive to pH variation and biomass transfer problems and have limitations 

with respect to degradation of some compounds. Moreover, the start-up of anaerobic 

reactors is often considered to be unstable and dependent on several factors, including 

wastewater composition, available inoculum, reactor operating conditions, and reactor 

configuration (Kalyuzhnyi et al., 2001a, 2001b; Duarte et al., 2004; Perez et al., 2004; 

Oliveira et al., 2007; Alkarimiah et al., 2011). 

Often, after an anaerobic treatment, is advisable to apply an aerobic treatment as a 

thinning process used to remove organic matter which is still in the wastewater. 

Anaerobic processes can also be used as a pre-treatment, allowing the reduction of 

energy and sludge management costs (Rodrigues et al., 2006). 

For economic reasons and for their simplicity, the aerobic systems are referred as the 

most appropriate choice for small wineries (Mosse et al., 2011). In this case, the 

wastewater generation is low and expenses associated with aerobic treatment will not 

be as significant as with anaerobic digestion.  

For winery wastewaters, another aspect which is not always optimised involves the 

removal of inorganic suspended solids, since they can affect the mechanical equipment 

(e.g. pumps, Venturi type aerators) by abrasion. In addition, as biological processes are 

not very effective for insoluble compounds, a preliminary treatment is always desirable 

to also remove the organic suspended solids (Rodrigues et al., 2006). 
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4.3.1. Anaerobic Treatment Systems 

The anaerobic treatment systems show better adaptation to the winery wastewaters 

than aerobic systems, due to the high ratio COD/N/P, i.e. these effluents have low 

nitrogen and phosphorus contents as compared to carbon. Moreover, by anaerobic 

digestion it is possible to minimize the energy costs through the biogas recovery which is 

produced during the process (Mace et al., 2004; Moletta, 2005; Artiga et al., 2007; Brito 

et al., 2007). However, the anaerobic systems are often affected by the need to maintain 

the operating temperature (mesophilic or thermophilic) which is significantly higher 

than room temperature. Anyway, anaerobic reactors operating at low temperatures 

have been developed (Kalyuzhnyi et al., 2001a, 2001b). Within the anaerobic digestion 

technologies available for this type of effluents, emphasis is given to those contained in 

Table 2. 

Table 2. Removal efficiencies of various anaerobic treatment systems 

 
System 

 
Advantages 

 
Drawbacks 

COD removal 
(%) 

Polyphenol 
removal (%) 

 
Reference 

Up Flow Anaerobic 
Filters (UAF) 

  70 
85 − 90 

- Moletta, 2005 
Fernández et al., 2007 
 

Up Flow Anaerobic 
Sludge Blanket 
(UASB) 

High sludge 
activity. 
Low sludge 
production. 

Relatively 
high 
installation 
costs. 
 

90 
60 − 70

3 

57
1
, 68

2
, 70

3 

- 
- 

20
1
, 39

2
,40

3
 

Kalyuzhnyi et al., 2001b 
Kalyuzhnyi et al., 2001b 
Kalyuzhnyi et al., 2001a 

Up Flow Sludge 
Blanket Filter 
(USBF) 
 

  96 − 98 - Molina et al., 2007 

Continuous Stirred 
Tank Digester 
(CSTD) 
 

  62 −66 - Mace et al., 2004 

Anaerobic Fluidized 
Bed Reactor (AFBR) 
 

  81.5 − 92.5 - Perez et al., 2004 

Upflow Anaerobic 
Floating Filter 
(UAFF) 
 

  47.89 − 75.5 - Perez et al., 2004 

1
 Temperature 4 °C; 

2
 Temperature 7 °C; 

3
 Temperatura 10 °C. 
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The “Up Flow Anaerobic Filter" (UAF) consists of a biofilm fixed to a support, which may 

operate with an upward or downward flow. The recirculation is carried out in order to 

promote a homogeneous distribution of wastewater (Moletta, 2005).  

In turn, the "Up Flow Anaerobic Sludge Blanket" (UASB) system is often limited by the 

low biodegradability of complex organic substrates and requires a specific microbial 

population, with a granular structure (Keyser et al., 2003). The hybrid reactor “Up Flow 

Filter Sludge Blanket” (USBF) is a promising technology that combines the key 

advantages of the UASB and UAF systems. Thus, it is possible to minimize clogging 

problems or flotation of the biomass. It comprises a sludge bed located at the bottom of 

the reactor and an anaerobic filter on the top. This hybrid reactor is well adapted for the 

treatment of wastewaters which do not produce granular sludge (Moletta, 2005; Molina 

et al., 2007). The USBF efficiency is slightly affected by the organic load increase, 

decreasing from 98% to 96% when the organic loading rate is increased from 5 to 12 g 

COD L-1 d-1 (Molina et al., 2007). 

The "Continuous Stirred Tank Digester” (CSTD) system is a complete mixing reactor with 

a decanter and recirculation of slurry (Mace et al., 2004; Moletta, 2005). A COD removal 

from 62 to 66% was achieved by this system, but a post-treatment with ozone reduced 

approximately 8.5% of the effluent COD content (Mace et al., 2004). 

The "Anaerobic Sequencing Batch Reactor" (ASBR) has behaviour comparable to that of 

the "Sequencing Batch Reactor" (SBR) under aerobic conditions. The effluent is added to 

the anaerobic sludge containing reactor and digestion begins with stirring. When biogas 

production ends, the stirring stops and decanting is done inside the digester. Through a 

floating pump the wastewater is removed (Moletta, 2005). 

The "Anaerobic Fluidized Bed Biofilm Reactor" (AFBBR) is based on the growth of 

adhering biomass as biofilm on a carrier, usually of plastic or mineral nature. In this 

technology the biofilm moves by recirculation of the effluent (Moletta, 2005). 

Overall, one of the most significant drawbacks of anaerobic digestion is the production 

of volatile fatty acids (VFAs) and other compounds, which are responsible for malodours 

in the vicinity of wineries (Bories et al., 2005). To control the odour emission, nitrate 

salts (e.g. calcium nitrate) could be added to the wastewater, thus preventing the 
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formation of VFAs (Bories et al., 2007). However, this process requires large quantities 

of added nitrate salt, which is expensive and degrades the final quality of the 

wastewater. In addition, there is an increased risk of nitrogen run-off into streams and 

subsequent eutrophication, which represents a threat to the aquatic ecosystems (Burgin 

and Hamilton, 2007). Therefore, the use of nitrate salts should be limited to 

emergency/back-up situations, due to both economic and environmental impacts 

(Mosse et al., 2011). 

4.3.2. Aerobic Treatment Systems 

Aerobic treatment systems are commonly used because of their high efficacy and ease 

of use, as well as the versatility the process provides for different sized operations. In 

addition, the fundamental process is well established, which simplifies troubleshooting. 

The aerobic processes are generally preferred for degrading phenolic compounds, 

because of the lower costs associated with this option, and the possibility of complete 

mineralization of xenobiotic compounds (Ruiz-Ordaz et al., 2001). Several aerobic 

treatment systems have been developed as summarized in the Table 3. 

The lagooning system usually requires large surface areas, frequently in land with high 

value, and has also problems related to the generation of malodours due to deprived 

oxygen mass transfer (Beltran de Heredia et al., 2005; Agustina et al., 2008; Pirra, 2008). 

These ponds consist of large bodies of water, whose operation is based on symbiosis 

between algae and bacteria. The algae produce the oxygen needed by the bacteria and 

bacteria in turn produce nutrients that are needed to algae, from organic matter 

decomposition. The large land areas required to implement stabilization ponds makes 

this system more advantageous in regions where the cost and availability of land are not 

a constraint (Mosse et al., 2011). 

The aerated lagoons are similar to the previous system, but a mechanical stirrer is 

responsible for oxygenation. This process is widely used in France for very small 

wineries. Usually, the storage tanks or ponds are designed to accumulate the volume of 

wastewater produced over a period of 3 to 6 months, being the tank volume dependent 

on water consumption in the cellar. To reduce the tank volume and the treatment time, 

the performance of this process may be optimised by combining another treatment, 
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such as decantation or thinning treatment with sand filtration, membrane filtration or 

filtration combined with constructed ponds. This method has advantages such as small 

production of sludge and absence of sludge recirculation, reduced need for manual 

labour and low cost of setting up and maintenance (Racault and Stricker, 2004). , they 

are sensitive to pH variation, require large areas and long hydraulic retention time. 

Furthermore, this process can give rise to odour problems (Lofrano et al., 2007). 

The constructed wetlands are classified as a biological treatment based on the principle 

of infiltration-percolation. These ponds behave like a biofilter in which bacteria located 

on the surface of carrier material (sand, gravel) degrade the organic matter present in 

the effluent. They can be settled as vertical filters (water is injected into the surface of 

the system, which promotes oxygen and prevents saturation) or as horizontal filters (the 

system is permanently saturated). These filters can be used separately or in combination 

(Kerner and Rochard, 2004). This process can provide considerable efficiency, low cost, 

low maintenance and low energy consumption. Furthermore, it is well adapted to 

accept seasonal flows without adversely affecting functional aspects of the treatment 

system. According to Shepherd (1998) and Grismer et al. (2003), this system was 

effective in the treatment of winery wastewaters with 5 g COD L-1, and COD loads up to 

160g COD m-2 d-1. Removal efficiencies of 85-97% for COD and 50% for total suspended 

solids (TSS) were achieved 9.4 days after the start-up. Higher COD concentrations may 

be applied if the recirculation of treated wastewater is performed (Kerner and Rochard, 

2004). However, this system should only be considered when the wineries have large 

viable areas (Masi et al., 2002; Kerner and Rochard, 2004). Moreover, experiments 

simulating a wetland microcosm, in which three macrophyte wetland species 

(Phragmites australis, Schoenoplectus validus and Juncus ingens) were tested, revealed 

the phytotoxicity of the treated wastewater for concentrations greater than 25%. Also 

cress (Lepidium sativum) and onion (Allium cepa) were similarly sensitive to the treated 

wastewater (Arienzo et al., 2009a). Nevertheless, the same authors showed that this 

system, when combined with a previous sedimentation/aerobic process, could be used 

for small wineries located in rural areas, achieving 72% of COD removal rate (Arienzo et 

al., 2009b).  



Table 3. Advantages, drawbacks and removal efficiencies of various aerobic treatment systems 

 
System 

 
Advantages 

 
Drawbacks 

COD removal  
(%) 

 
Reference 

Aerated lagoons Easy management. Widespread. Energy intensive. Do not always meet 
the requirements during vintage. 

91 
99 

87.5 – 97.8 

Montalvo et al. 2010 
Kerner and Rochard, 2004 
Masi et al., 2002 

Activated sludge Easy management. High sludge 
activity. Widespread. 

Relatively high installation costs. 
Energy intensive. 
Supplementation with N and P for 
microbial growth. 

87 – 90 
93 – 95 

Brucculeri et al., 2005 
Fernández et al., 2007 

Sequencing Batch Reactor (SBR) Low capital costs. Simple 
automation. 

Requires storage tanks for batch 
feeding. 

90 
 

95 

López-Palau et al., 2009; 
Brito et al., 2007; Pirra et 
al., 2004 
Torrijos and Moletta, 
1997; Torrijos et al., 2004  

Packed Bed Bioreactor (PBB) Low area requirement. Lab scale. 91.1 Petruccioli et al., 2000 

Fluidized Bed Bioreactor (FBB) Low area requirement. Lab scale. 88.7 Petruccioli et al., 2000 

Air Bubble Column Bioreactor (ABB) High efficiency. Low area 
requirement.  

Lab scale. 92.2 Petruccioli et al., 2000 

Jet-Loop Reactor (JLR) High efficient. Lowered energy 
requirements. 

Limited number of application to date. 94-98 Petruccioli et al., 2002; 
Eusébio et al., 2004, 2005 

Rotating Biological Contactor (RBC) Easy to operate. Small startup. Maintenance during treatment 
process. 

41 
43 

Coetzee et al., 2004 
Malandra et al., 2003 

Membrane bioreactor (MBR) High efficient. Higher OLR and 
F/M. Small footprint. Lower 
sludge production. 

High installation cost. High energy 
requirement. Membrane fouling.  

95 
97 

Bolzonella et al., 2010 
Artiga et al., 2005 

Fixed bed biofilm reactor (FBBR) Simple management. No bulking 
problems.  

Limited number of application to date. 91 Andreottola et al., 2005 

Air Micro-Bubble Bioreactor (AMBB) High efficient. Lower energy 
requirements. 

Limited number of application to date. 98 Oliveira et al., 2007, 2009 

Sequencing Batch Biofilm Reactor (SBBR) High organic loads. Sludge 
recirculation not required. No 
bulking problems. Simple 
management.  

High installation cost. Requires large 
area.  

86 – 99 Andreottola et al., 2002 
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Options such as lagooning and constructed wetlands may constitute interesting solutions 

for winery wastewater treatment if there is the previous removal of suspended solids, 

and if the local edapho-climatic conditions are favourable (Rodrigues et al., 2006). 

Fernández et al. (2007) studied an activated sludge system model where COD removal 

efficiency ranged from 93% to 95%. The implementation of this system required the 

nutrient adjustment and the sludge production was about 0.3-0.6 g TSS g-1 COD (Racault 

et al., 1998; Jourjon et al., 2001). Although this system was able to provide substantial 

removal yields, the sludge sedimentation was poor and the long retention times were 

often problematic (Jourjon et al., 2001; Artiga et al., 2007; Agustina et al., 2008). 

In turn, the "Long-term activated sludge" system may provide a COD removal between 

97% and 99% (Fumi et al., 1995). In addition to a good removal efficiency, the system is 

simple (dispensing very labour-intensive and skilled personnel), flexible and economical 

(costs were approximately one-half of those resulting from the activated sludge system). 

This system can also operate by utilizing two reactors in series, the first one 

corresponding to the conventional treatment (F/M between 0.25-0.60 g COD g VSS-1 d-1), 

with a hydraulic retention time of 3-5 days and the second operating under extended 

aeration (F/M between 0.05-0.15 g COD g VSS-1 d-1), with hydraulic retention time of 

about 4-8 days. The overall treatment allows a COD removal efficiency of 96-99% (Racault 

et al., 1998; Rochard and Viaud, 2000; Jourjon et al., 2001). 

According to Rodrigues et al. (2006), the “Sequencing Batch Reactor” (SBR) is the most 

suitable technology for this type of industry. The system is characterized by a sequential 

operation, i.e. there is a periodic repetition of the operation cycle. Each stage of 

operation is under non-steady state conditions, where the biomass retention within the 

system is performed by introducing a sedimentation phase under fully quiescent 

conditions, by combining different operations in a single tank. By contrast, the continuous 

processes require different organs (e.g. decanter, sludge recirculation line).  

The SBR system has some advantages such as: a simple operating mode without need of 

secondary settler and sludge recirculation, simplicity in changing cycles during operation, 

greater operational flexibility, opportunity to measure the reaction kinetics and settling 

characteristics in situ, and moderate investment and operating costs. As disadvantages, 

this system is affected by variations of the organic load and requires a relatively high 
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buffer storage volume (Torrijos and Moletta., 1997; Andreottola et al., 2002; Clerc, 2004; 

Rodrigues et al., 2006; Stricker and Béland, 2006; Brito et al., 2007).  

Trials conducted in a full-scale SBR showed the suitability of this system for winery 

wastewater treatment with a feed of 0.8 g COD L-1 d-1 and a ratio F/M of 

0.25 g COD g-1 VSS d-1, showing a COD removal efficiency of 93-97% (Torrijos et al., 2004). 

Similar results were obtained by other authors (Wilderer et al. 2001). Further, Pirra et al. 

(2004) showed that the SBR can operate with higher organic loads (5-18 g COD L-1 d-1), 

achieving a COD removal of 95%, although some problems during the biomass 

sedimentation have been observed.  

The opportunity of combining the advantages of the SBR with fixed biomass was 

investigated (Andreottola et al., 2002). This system permits the treatment of high organic 

loads, 6.3 g COD L-1 d-1 with high biofilm growth (4-5 g TSS L-1), allowing the reduction of 

the required volume for biological treatment and avoiding bulking problems. However, 

the degradation of organic matter present in a winery wastewater sometimes requires 

additional nutrients to balance the C/N/P ratio, and some oxygen efficiency transfer 

problems were detected when higher organic loads were applied (López-Palau et al., 

2009). Also to optimise the sludge settling time, the formation of granules could be 

performed based on feast-famine periods (López-Palau et al., 2009). In fact, the high 

organic load promotes microbial growth and increases the biomass concentration, thus 

causing aeration problems in the reactor. Consequently, to achieve a good performance 

the aeration must be proportional to the COD load. 

Another strategy carried out to optimise the SBR cycle for total organic carbon and 

ammonia removal was based on dissolved oxygen (DO) control (Puig et al., 2006). The 

cycle consisted of reaction phase (under aerobic and anoxic conditions), settling and 

discharge. During the aerobic phase a fixed DO set-point of 2.0 mg DO L-1 was applied, as 

a simple On/Off control. The system optimisation was based on pH, DO and oxygen 

uptake rate (OUR) evolution. This strategy allowed the detection of the ammonia valley 

in the pH profile and also the end of nitrification, through the OUR outline (Figure 8). By 

identifying the bending points for the pH (ammonia valley) and the calculated OUR, it is 

possible to optimise the aerobic phase of the SBR cycle for organic matter and ammonia 

removal (Puig et al., 2006). 
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Figure 8. Monitoring of parameters in the SBR reactor: A, DO and OUR evolution during aerobic 
and anoxic phases; B, detection of the ammonia valley in the pH evolution during aerobic phase. 
Adapted from Puig et al. (2006).  

 

“Membrane bioreactors” (MBRs) represent an important technical option for wastewater 

treatment and reuse, being very compact and efficient systems for separation of 

suspended and colloidal matter (Delgado et al., 2011; Valderrama et al., 2012). This 

technology is based on the combination of conventional activated sludge treatment 

together with a membrane process of micro-/ultra-filtration. The membrane is a barrier 

that retains all particles, colloids and microorganisms, providing a complete disinfection 

of treated wastewater, enabling a high quality effluent. The advantages of this system 

include the elimination of foaming and suspended solids in the effluent, the smaller 

footprint, the lower sludge production and the improvement of the treated wastewater 

quality (Artiga et al., 2005; Guglielmi et al., 2009). MBR treatment of winery wastewater 

has been shown to be highly effective, with COD removal higher than 97% (Artiga et al., 

2005). According to Bolzonella et al. (2010), the MBR was able to face hydraulic and 

organic loading peaks, without changes in the reactor performance. Even for an organic 

loading rate up to 2 g COD L-1 d-1, the COD removal efficiency was over 95% and nitrogen 

removal was also reported (Bolzonella et al., 2010). The growing interest in this system 

has led to its application in several full-scale wastewater treatment plants (Andreottola et 

al., 2009; Ferre et al., 2009; Bolzonella et al., 2010; Delgado et al., 2011). Also the 

combined MBR-reverse osmosis (RO) plant demonstrated the viability of integrating 

membrane technology with a bioreactor to make significant water savings (Vanossi and 

Durante, 2009; Dolar et al., 2012). 
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As an alternative to the above referred processes, utilizing freely suspended 

microorganisms, it is possible to use more effective high-rate biofilm systems, in which 

biomass is fixed to inert materials. The Moving Bed Biofilm Reactor (MBBR) is a system 

based on reactors that are filled with plastic carriers to provide a surface that is colonized 

by bacteria that grow into a biofilm. The reactors can be operated under aerobic 

conditions for biochemical oxygen demand (BOD) removal and nitrification or under 

anoxic conditions for denitrification (Weiss et al., 2005). They are designed for high 

organic loads and are generally responsive to peak loads, thus preventing the occurrence 

of bulking problems (Andreottola et al., 2002). This system can achieve 78-97% of COD 

removal efficiency, operating with an organic loading rate ranging between 

0.3-9.0 g COD L-1 d-1 (Andreottola et al., 2009). 

The “Sequencing Batch Biofilm Reactor” (SBBR) results from the combination of the SBR 

system with a system of fixed biomass (MBBR), corresponding to the growth of biomass 

fixed on a plastic support according to a sequential cycle (characteristic of SBR systems). 

This system has some advantages: higher organic load removal, due to elevated surface 

of the biofilm, no need to perform sludge recirculation making the unit simpler, and the 

switching cycle can be performed in real time by monitoring the organic material and 

dissolved oxygen. However, because a major part of the reactor volume is occupied by 

the attached biomass, a secondary settler is required, which implies a larger area for 

installation (Andreottola et al., 2002). Assays carried out with this treatment system, for 

an applied organic load of 4.6-9.0 g COD L-1 d-1, revealed a COD removal efficiency ranging 

between 86-99% and a final effluent COD load of 0.05-0.32 g L-1. 

In order to optimise the energetic costs and the SBBR performance, a strategy based on 

dissolved oxygen (DO) monitoring was developed. During the experiments, carried out at 

a constant aeration (up to 4.5 hours), DO control was the key parameter for COD 

removal. When the treatment started, COD decreased because DO concentration was 

maintained at a low level (Figure 9). Once the microbial activity decreased, by diminishing 

the organic load, DO concentration began to increase until reaching a plateau. At this 

stage the process was completed and the cycle interrupted. The end of each cycle can be 

calculated based on the first derivative function of the DO concentration vs. time 

(Figure 9).  
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Figure 9. DO concentration and COD dynamic during a typical SBBR cycle (A) and time derivative 
of DO concentration (B) (Andreottola et al., 2002).  
 

With the above referred strategy it was possible to reduce the hydraulic retention time to 

one-third, which allowed the treatment of a higher flow with a similar effluent quality. 

The “Rotating Biological Contactor” (RBC) system also appears as an option for the winery 

wastewater treatment. This system relies on the development of a fixed microbial biofilm 

and consists of a series of closely spaced, parallel discs mounted on a rotating shaft which 

is supported just above the surface of the wastewater. Microorganisms grow on the 

surface of the discs where biological degradation of the wastewater pollutants takes 

place. The system is easy to operate, has a small start-up and the aeration is provided by 

the rotating action, which exposes the media to the air after contacting them with the 

wastewater. However, the RBC system has disadvantages due to the need to monitor 

some parameters, such as the rotation speed of the discs, the portion submerged, the 

composition of the disks, the recirculation and hydraulic retention time, thus 

necessitating maintenance throughout the treatment process (Malandra et al., 2003; 

Coetzee et al., 2004). This treatment system can be used to treat winery wastewater at a 

rate of 500-2,000 L d-1, with an efficiency of 96% and 86% for BOD5 and TSS, respectively 

(Cuenca et al., 2004). The system is already set at full-scale, and for concentrations 

between 2.5 and 5 g COD L-1 studies showed that it was possible to obtain a COD removal 

efficiency of 97% (Muller, 1994; Muller, 1997). 

There are also some specific aerobic treatments systems that have been studied for 

winery wastewater, among them are the “Fixed Bed Biofilm Reactor” (FBBR), the “Air-

Bubble Column Bioreactor” (ABB) or the “Jet-Loop Reactor” (JLR), using self-adapted 
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microbial population either free or immobilized (Petruccioli et al., 2000; Eusébio et al. 

2004; Eusébio et al. 2005). In the JLR (vertical reactor) the oxygen supply is performed by 

recirculation of the reactor effluent through a Venturi injector which permits a good 

oxygen diffusion rate, overcoming the energetic costs associated with the aeration 

systems, with the advantage of requiring a small area. Though, the high shear stress 

applied on the Venturi influences the composition of the microbial population (Petruccioli 

et al., 2000; Eusébio et al., 2005) leading to settling sludge problems. The JLR achieves a 

COD removal efficiency of 94-98%, for an applied organic load of 0.4-5.9 g COD L-1 d-1. 

Rather, the use of vertical reactors appears to be one of the most promising technologies, 

not only due to the economy of space, but also because they are characterized by a good 

oxygen transfer capability and a high biological conversion (Petruccioli et al., 2000; 

Duarte et al., 2004; Xu et al., 2010). To optimise the mass transfer a similar technology 

based on a Venturi injector, coupled with multiplier nozzles, was patented (AirJection®) 

and was applied in a lagoon system (Meyer et al., 2004) and in a membrane bioreactor 

(Tanzi and Mazzei, 2009), at pilot scale. The bioreactor alpha factor (0.93) evaluated with 

typical municipal wastewater revealed to be higher than those reported in the literature 

(0.3-0.85) for other treatment systems. Also, the assays showed a COD removal efficiency 

higher than 95%, even during peak loads (10.0 g COD L-1). Based on this technology, a 

high oxygen transfer efficiency is obtained by maximizing turbulence in the system, 

thereby allowing optimization of the energy consumption (Meyer et al., 2004; Tanzi and 

Mazzei, 2009).  

The literature review point out that winery wastewater presents particular challenges for 

water treatment plants because of extreme seasonal variations in their volume and 

quality, high oxygen demands and the presence of recalcitrant polyphenols. Wineries all 

over the world face a common problem regarding their wastewater treatment and 

disposal. Urbanization and larger scale winery operations have increased the potential for 

odour complaints, and the release of wastewaters into the environment is subject to 

increasingly tougher restrictions from local regulators requiring more stringent discharge 

standards. A range of wastewater treatment systems, from simple lagoons to advanced 

bioreactors, are in common use and rely heavily on microbial treatment. The key factors 

affecting the choice of treatment technology include the size of the winery, water 
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availability, appropriate land availability, energy costs and the required effluent quality. 

Moreover, the quantification and characterization of new fluxes from wine production 

need to be evaluated. Because of the variability and unique characteristics of these 

fluxes, the selection of the most adequate treatment system is of paramount importance. 

5. OBJECTIVES 

In the present study, a new system based on aerobic AirJection® technology was applied 

to a vertical reactor, with the aim of developing a simple and cost-effective system, the 

Air Micro-Bubble Bioreactor (AMBB), for the treatment of winery wastewater. The main 

goal was to optimise its performance by adjusting critical operating parameters to allow 

water reuse and reduction of sludge production and energy costs, as well as the recovery 

of winery by-products. In order to fulfil this main goal, the following work-tasks were 

carried out: 

 

1. Evaluation of the characteristics and biodegradability of the different winery 

wastewater produced in each phase along the wine production process, 

including poorly studied flows (electrodialysis wastewater). This was addressed 

by using physicochemical characteristics, respirometric methods and kinetic 

parameters to predict its behaviour when discharged into the treatment system 

(Chapter 3); 

 

2. Design, construction and assessment of a vertical reactor AMBB, aiming the 

treatment efficiency and the water reuse. To improve the AMBB performance a 

highly efficient Venturi injector, coupled with multiplier nozzles, was developed 

(AirJection®) and evaluated at bench-scale; the suitability of the treated water 

for irrigation was assessed by physicochemical characterisation and direct 

toxicity bioassays (Chapter 4); 

 

3. Optimisation of operational parameters in aerobic reactors with emphasis on 

the AMBB. Oxygen mass transfer and contact time, flexibility, energetic costs 

and sludge production were also addressed (Chapter 5); 
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4. Evaluation of the AMBB performance under oxygen-limited conditions, aiming 

to reduce the energy demand and operating costs. Monitoring of the AMBB was 

carried out during the second racking period, based on organic loading rate 

(COD) and aeration time rate. The total polyphenol compounds were also 

followed (Chapter 6); 

 

5. Recovery of winery by-products into high added value products. To address this 

issue an integrated process of sedimentation-ultrafiltration was developed and 

evaluated to recover polyphenols and polysaccharides while simultaneously 

reducing the pollution load of wastewater (Chapter 7); 

 

6. Evaluation of solid winery waste production and wastewater quality in selected 

Portuguese wineries where the AMBB system was tested or settled, in order to 

obtain real and consolidated data. For this, small/medium or medium sized 

wineries, located in different regions of the country, and labouring red or both 

white and red wines, were compared (Chapter 8). 
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ABSTRACT 

The implementation of best available techniques in the industry leads to the emergence 

of little-known wastewater flows which should be identified, characterised and properly 

treated. The tartaric stabilisation of wine by the electrodialysis process is becoming 

increasingly implemented, but the behavior of the produced wastewater, when 

discharged in the winery wastewater treatment system, has been scarcely investigated. 

The main aim of the present study was to characterise the wastewater resulting from 

tartaric stabilisation of wine, in comparison with other winery wastewater. The 

biodegradability of each flow was evaluated on the basis of respirometric assays and 

BOD5/COD ratio. The most easily degradable wastewater was the one generated during 

the vintage period, as revealed by its highest average BOD5/COD ratio (0.76). The 

biodegradability of post-vintage wastewater (rackings or electrodialysis process) was 

significantly lower (P≤0.5), but no significant difference was registered between 

wastewater generated by electrodialysis and first racking. To predict organic matter 

degradation throughout each sampling period BOD kinetic parameters were determined 

using the first-order Thomas model. The suitability of this model was revealed by the 

determination coefficient values (r2), all higher than 0.98. Taken together, these results 

indicate that the electrodialysis process produces a wastewater flow with 

biodegradability comparable to that of other winemaking periods, thereby suggesting 

that all winery wastewater can be treated together, without compromising the 

effectiveness of treatment. 
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1. INTRODUCTION 

The most significant environmental impacts associated with the winery industry are high 

water and energy consumption, water pollution and waste production. Usually, 

untreated winery wastewater is characterised by low pH value, high biological oxygen 

demand (BOD) and chemical oxygen demand (COD), which frequently fall beyond 

permissible limits established by legislation for discharging (Pirra, 2005; European 

Commission, 2006; Kirzhnera et al., 2008).  

The winery wastewater is seasonally produced and is mainly generated during cleaning 

operations, such as rinsing of fermentations tanks, barrels washing, bottling and purges 

from the cooling process (Duarte et al., 2004; Eusébio et al., 2005; Pirra, 2005). The high 

concentration of ethanol and sugars in winery wastewater usually indicates the biological 

treatment process as the best option. However, the winery industry generates 

wastewater with different biodegradation levels, mainly dependent on the winemaking 

technology (Oliveira and Duarte, 2011). Therefore, information on the composition of 

wastewater and their biodegradability are key factors to establish the most effective 

treatment plant, thus avoiding the risks associated with poor adaptation of the system to 

the effluent to be treated.  

To address the above referred issues, some best available techniques (BAT) (European 

Commission, 2006) have been implemented in the wine sector, as recommended in best 

available techniques reference documents (BREFs). The electrodialysis system, used for 

tartaric stabilisation of wine, is included among the techniques that meet the BAT criteria 

and its use has been increasing worldwide.  

Tartaric stabilisation is essential to satisfy the quality criteria of wines (Saint-Pierre et al., 

1995). Potassium hydrogen tartrate (KHT), a common component of grapes and wine, is 

soluble in grape juice, but the production of alcohol during fermentation lowers its 

solubility giving rise to a supersatured solution of KHT which could precipitate at normal 

storage temperatures, after bottling (Gonçalves et al., 2003). Tartaric stabilization 

processes use subtractive and additive methods. Among subtractive methods, cold 

treatment, extraction of tartaric acid and potassium using a membrane process 

(electrodialysis) and the use of ion exchangers are the most commonly referred (Bories et 

al., 2011). Additive methods include the use of metatartaric acid, mannoproteins 
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obtained by enzymatic hydrolysis of yeast cell walls and, more recently, 

carboxymethylcellulose (CMC) both in white and sparkling wines (Bosso et al., 2010; 

Bories et al., 2011). This last compound, however, has potential to trigger allergic 

reaction in humans (Bosso et al., 2010). 

In general, the most widely used process for tartaric stabilisation of wine was the cold 

treatment, but more recently electrodialysis is becoming increasingly popular, due to its 

direct benefit on reduction of energy and water consumption and avoiding the use of 

additives in wine (Bories et al., 2011).  

In electrodialysis process the wine circulates in channels confined by cation and anion 

selective membranes, where ions are forced by an external electric field to migrate 

towards the electrodes. The wine circulates in diluted compartments that alternate with 

the concentrate compartments. In the concentrate flow, the increase of both KHT 

concentration and conductivity may leads to a supersaturated solution of KHT crystals 

that could precipitate and damage the membrane. In order to avoid this operational 

trouble the concentrate needs to be partially drained out (Benítez et al., 2003; Gonçalves 

et al., 2003). Therefore, this process gives rise to two different flows, the electrodialysis-

treated wine and the wastewater flow mainly containing potassium hydrogen tartrate 

and calcium tartrate (Gonçalves et al., 2000; 2003; Bories et al., 2011). Also, the above 

referred compounds could be recovered as tartaric acid, which has high added value for 

many industries such as food, cosmetics and pharmaceuticals (Mourgues and Maugenet, 

1975; Smagghe et al., 1992; Rivas et al., 2006; Yalcin et al., 2008).  

Most of the Portuguese wineries are small to medium-size and prefer to contract mobile 

electrodialysis units, hindering the wastewater valorisation. Instead, the resulting 

wastewater is usually discharged into the winery wastewater treatment system.  

Most data concerning tartaric stabilisation of wine by electrodialysis put emphasis on the 

wine stability (Saint-Pierre et al., 1995; Gonçalves et al., 2000; Decloux et al., 2002; 

Gonçalves et al., 2003). Regarding winery wastewater treatment, the existing studies 

mainly concern vintage and racking periods or highlight the environmental impacts of 

wastewater discharges (Petruccioli et al., 2002; Eusébio et al., 2004; Oliveira et al., 2009).  
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So far, few studies on the winery wastewater resulting from the electrodialysis process 

were performed, and the existing ones are restricted mainly to the physicochemical 

characterisation of the flows (Bories et al., 2011). 

The main objective of this study was to evaluate the characteristics and biodegrability of 

the wastewater from the electrodialysis process by respirometric methods, to predict its 

behavior in a winery wastewater treatment system. For this purpose, the organic matter 

degradation kinetics of this wastewater flow, during aerobic digestion, is evaluated and 

compared to other wastewater generated during the different phases of the wine making 

process. 

2. MATERIALS AND METHODS 

2.1. Wastewater Characterisation 

The research was carried out in one small-sized winery (Quinta da Casaboa, Runa, Torres 

Vedras, Portugal) that produces 100,000 L of red wine per year. Winery wastewater 

samples were collected during vintage (VW-A; VW-B), first racking (R1W-C; R1W-D; R1W-

E), second racking (R2W-F, R2W-G) and wine tartaric stabilisation carried out by the 

electrodialysis process (EW-H; EW-I; EW-J). During these periods, the composite samples 

were collected and stored at 4°C until characterisation. In order to assess the wastewater 

quality, a set of major key parameters were evaluated, according to Standard Methods 

(APHA, 2005): pH, conductivity, turbidity, chemical oxygen demand (COD), biochemical 

oxygen demand (BOD), total solids (TS), total suspended solids (TSS), Kjeldahl nitrogen, 

ammonium, nitrate, total phosphorus, sulphates and potassium. 

2.2 Winery Wastewater Biodegradation 

Wastewater biodegradation was monitored by respirometric methods. Assays were 

carried out in triplicate, during 28 days, in closed bottles under constant stirring, aeration 

and temperature (20.0±0.2°C), using the OxiTop® Control 6 system, a manometric 

measurement device, supplied by the Wissenschaftlich-Technische Werkst (WTW), 

Weilheim, Germany. The wastewater was diluted in dilution water (3:10) prepared 
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according to Standard Methods (APHA, 2005) and was inoculated with 1.0 mL of 

acclimatized biomass collected from an air micro-bubble bioreactor used for winery 

wastewater treatment. For each assay two control bottles were used. Nitrification was 

inhibited by adding 0.05mL of 5 g L−1 N-allylthiourea (WTW Chemical Solution No. NTH 

600) solution per 50 mL of each sample.  

The rate of BOD oxidation was modeled based on the assumption that the decomposition 

of organic material is proportional to the amount present, i.e. according to a first order 

kinetics equation: 

BODt = L0 (1- e
-k t)        (1) 

where: 

BODt is the biochemical oxygen demand exerted at time t (mg L−1),  

L0 is the ultimate biochemical oxygen demand (mg L−1),  

k is the first-order rate constant (d-1), 

t is the time (d).  

To evaluate the BOD kinetic parameters (k and L0) the Thomas´ method (Thomas, 1950), 

based on the similarity between two series function, was applied as follows: 
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The half-life (t1/2), i.e. the time required to reduce the concentration of a chemical to 50 

percent of its initial concentration, was defined as 

t1/2 = ln2/k         (4) 

Kinetic parameters data and BOD5/COD were subjected to one-way analysis of variance 

(ANOVA) and means compared using the Tukey´s test at a 5% significance level, using the 

statistical software Statistica for Windows (Statistica 6.0 for Windows 98). 

3. RESULTS AND DISCUSSION 

3.1. Physicochemical Characterisation 

The vintage, racking and tartaric stabilisation operations were followed during different 

periods, in order to evaluate the physicochemical characteristics of the wastewater 

produced throughout the winemaking process (Table 1). Concerning the electrodialysis 

process (EW), this wastewater showed acidic characteristics (pH 3.8±0.1) and higher 

conductivity compared to wastewater produced throughout other periods of operation. 

These values are in agreement with those referred in the literature (Petruccioli et al., 

2002; Duarte et al., 2004; Oliveira et al., 2009), and are related to the electrodialysis 

process that uses a concentrate flow, whose pH should be similar to that of wine, to 

ensure optimal conditions for extracting tartaric acid (Bories et al., 2011). This is 

accomplished by adding H2SO4 or HNO3 until a pH of 2.8 - 3.2 is reached.  

With respect to solids, it appears that the total suspended solids (TSS) yielded from 

electrodialysis are very low, as well as turbidity, thus contrasting with values from other 

winemaking periods.  

The EW organic matter, evaluated as COD, shows similar values to those reported by 

Boris et al. (2011) and are close to those found for vintage and racking periods (Oliveira et 

al., 2009). The EW flow is mainly composed by ethanol and tartaric acid whose 

contribution to the COD ranges between 70-80% and 6-8%, respectively. Although these 

percentages are higher than those described by Boris et al. (2011), the concentrations are 
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similar. The differences can be explained by the lower concentration of malic acid and 

lactic acid in the wastewaters under study (data not shown). 

 

Table 1. Physicochemical characteristics of winery wastewater, during different winemaking 
periods: vintage (VW), first racking (R1W), second racking (R2W) and electrodialyis process (EW)  

Parameter VW
 a

 R1W
 b

 R2W
 a

 EW b
 

pH 6.2 ± 0.9 5.7 ± 1.7 4.7 ± 2.0 3.8 ± 0.1 

EC (μS cm-1) 1764 ± 340 1826 ± 518 2227 ± 745 4735 ± 2840 

COD (mg L
−1

) 4127 ± 1511 7823 ± 3512 39008 ± 15034 5939 ± 2523 

BOD5 (mg L
−1

) 3155 ± 1139 4392 ± 931 8632 ± 4703 2474 ± 1303 

TS (mg L
−1

) 2570 ± 569 3034 ± 248 8409 ± 5644 7701 ± 4475 

TSS (mg L
−1

) 636 ± 123 866 ± 199 4093 ± 2800 31 ± 4 

NO3
-
( mg N L

−1
) 0 ± 0 0 ± 0 0 ± 0 505 ± 110 

NH4
+ 

(mg N L
−1

) 1.2 ± 1.0 4.5 ± 2.6 0 ± 0 2.2 ± 2.3 

Nkj(mg N L
−1

) 12 ± 4 26 ± 19 109 ± 74 60 ± 75 

P (mg P L
−1

) 10 ± 3 27 ± 22 62 ± 60 86 ± 30 

K
+
 (mg L

−1
) 115 ± 10 71± 72 247 ± 18 1295 ± 670 

Turbidity (NTU) 88 ± 18 635 ± 214 5405 ± 4094 0.40 ± 0.17 

SO4
2-

 (mg L
−1

) 228 ± 19 160 ± 129 265 ± 120 109 ± 226 

a 
Average values ± standard deviation (n=4; two sampling periods, two replicates). 

b 
Average values ± standard deviation (n=6; three sampling periods, two replicates). 

Concerning nutrients, the EW has higher nitrate concentration, due to the pH control and 

since membranes are preserved in nitric acid solution. However, other forms of nitrogen 

are usually low. The phosphorus and organic matter concentrations are very low 

compared with nitrogen, resulting in an imbalance on BOD:N:P (100:20:3.5) ratio. These 

values are not usual, since the conventional winery wastewater flows are low in nutrients 

(Petruccioli et al., 2002; Eusébio et al., 2004; Oliveira et al., 2009). With regard to the 

winery wastewater management, the imbalance mentioned above may even be 

advantageous, since this flow, along with others, may contribute to the improvement of 

the treatment system. 

For potassium, the values recorded for EW are greater than those recorded during other 

working periods. This is mainly explained by the electrodialysis process, in which the 

potassium and tartaric acid are extracted from wine, thereby increasing their load on the 

resulting effluent. 
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For other winemaking periods, the potassium level is related to the natural potassium 

content in grapes and, consequently, grape juice and wine, which usually reaches a 

maximum value during the peak of vintage season (Sheridan et al., 2011). In the present 

study, the potassium concentration during the second racking exceeded the value found 

during harvest and this may be explained by the presence of this nutrient on lees, due to 

potassium tartrate precipitation, or release of wine prior to sampling. 

The potassium concentration range found in the present study was within the range of 

values recorded by other authors (Malandra et al., 2003; Sheridan et al., 2011), with the 

exception of potassium concentration in the electrodialysis flow (EW). However, this flow 

was not evaluated by these authors. So far, few studies have been carried out on the 

winery wastewater electrodialysis flow, but our results, taken together, are in majority in 

agreement with those reported by Bories et al. (2011). 

3.2. Biodegradability Assays 

The winery wastewater showed a variability of the pollutant load throughout the 

different winemaking periods, therefore indicating that each flow was not degraded at a 

uniform rate. 

In order to predict the aerobic treatment of EW, the biodegradability was assessed and 

compared to other working periods, based on BOD5/COD and the rate of BOD oxidation. 

Regarding BOD5/COD ratio, the obtained results revealed significant effect of the working 

period on the wastewater biodegradability (P≤0.05). The average values of BOD5/COD 

ratio for VW were significantly higher for this effluent than for others generated by the 

first (R1W) and second racking (R2W) or electrodialysis (EW), thus revealing a higher rate 

of biodegradability of VW (Figure 1). The lowest average values of BOD5/COD ratio were 

found for R2W, although not significantly different from R1W. The biodegradability rate of 

EW was similar to that of R1W. 
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Figure 1. Winery wastewater biodegradability assessed during different winemaking periods, 
vintage (VW), first racking (R1W), second racking (R2W) and electrodialyis process (EW). Bars 
represent maximum and minimum values. Values marked with the same letter are not 

statistically different (P ≤ 0.05), according to Tukey’s test. 
 

 

According to Fernández et al. (2007) the wastewater generated during vintage has higher 

biodegradability, revealing a BOD5/COD ratio ranging between 0.52 and 0.93. For post-

vintage periods (rackings), the biodegradability of each wastewater is generally similar 

(Artiga et al., 2007; Fernández et al., 2007), which is consistent with our results. However, 

results are not fully comparable to those obtained in the present study, since the 

wastewater generated by electrodialysis was not included by the above referred authors. 

Concerning the respirometric assays, oxygen demand curves showed a distinctive initial 

period of rapid oxygen uptake, followed by an extended period of slower oxygen uptake 

activity, revealing a plateau which represents the ultimate BOD, i.e. the amount of 

oxygen required to oxidise the organic matter (Figure 2). This pattern of BOD oxidation 

was observed throughout all sampling periods and fitted for a first-order kinetic reaction.  
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Figure 2. Evolution of experimental and predicted BOD data determined by Thomas´ method 
during: a) vintage period, VW-A, VW-B; b) first racking period, R1W-C, R1W-D, R1W-E; c) second 
racking period, R2W-F, R2W-G; d) electrodialysis process, EW-H, EW-I, EW-J. Bars represent 

standard deviation. 

 

For all sampling periods, a graphic representation of experimental data was made 

according to linearised form of first-order model, Equation (2). The first-order 

degradation constant values (k), Equation (3), were obtained from the slopes of the 

straight lines and are shown in Table 2, along with the coefficient of determination values 

(r2). The coefficient values (r2) were always higher than 0.982 (Table 2), thus revealing the 

suitability of this model to the experimental data. Within the same working period (VW, 

RW or EW), different curves were obtained for each sample; however the k values were 

similar for each period, therefore indicating a comparable wastewater biodegradation 

rate. 
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Table 2. Kinetic parameters of winery wastewater biodegradation, during typical winemaking 
periods  

Winemaking 
period 

Sample Code k (d
-1

) L0 (mg L
-1

) r
2
 BOD28 (mg L

-1
) 

Vintage  VW -A 0.411 ± 0.004 2433 ± 25 0.989 2448 

VW -B 0.411 ± 0.009 3827 ± 83 0.982 3820 

      

1st Racking R1W -C 0.244 ± 0.020 10916 ± 530 0.994 10780 

R1W -D 0.242 ± 0.002 8964 ± 147 0.995 8745 

R1W -E 0.263 ± 0.002 5217 ± 90 0.998 5140 

      

2nd Racking R2W -F 0.097 ± 0.002 15623 ± 947 0.994 14779 

R2W -G 0.100 ± 0.004 49636 ± 1322 0.988 44894 

      

Electrodialysis EW -H 0.319 ± 0.011 1285 ± 147 0.992 1263 

EW -I 0.310 ± 0.004 4515 ± 43 0.997 4502 

EW -J 0.308 ± 0.005 3954 ± 147 0.991 4118 

 

 

Although differences related to the ultimate BOD (L0) have been recorded for all periods, 

no significant effect was found among samples with respect to the biodegradability rate 

constant (P≤0.05). Nevertheless, the working period significantly affected the kinetic 

parameters (Table 3). 

Concerning traditional working periods, the kinetic parameters showed the highest 

biodegradability rate constant during vintage, which also support the obtained results 

through the BOD5/COD ratios. These results are in agreement with those obtained by 

other authors (Duarte et al., 2004; Bolzonella and Rosso, 2009), who considered that 

substrates present in the vintage wastewater are easily metabolised by microorganisms, 

due to the high concentration of simple molecules (sugars and ethanol). 

Moreover the obtained rates were within the expected values for untreated wastewater, 

in which the k value generally ranges from 0.12 to 0.46 d-1 (Metcalf and Eddy, 2003; 

Singh, 2004; Oke and Akindahunsi, 2005). 
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Table 3: ANOVA of the effects of working period on kinetic parameters (k, L0) of wastewater 
biodegradation  

Parameter Source df MS F value  

k (d
-1

) working period 3 1.17 x 10
-1

 1.67 x 10
3
 ** 

 Error 31 7.0 x 10
-5

   

L0 (mg L
-1

) working period 3 1.22 x 10
9
 18.3 ** 

 Error 31 6.6 x 10
7
   

F value: ** = significant at P ≤ 0.01.  

 

 

Degradation rate of the winery wastewater was also assessed by calculating the half-life 

value for each winemaking period. Average half-lives for the aerobic degradation of VW, 

R1W and R2W were 1.7, 2.8 and 7.0 d, respectively, revealing the second racking 

wastewater as the most resistant to biodegradation, probably due to the higher 

polyphenol contents. Finally, the EW flow, with a typical value of k and a half-life of 2.2 d, 

showed the second highest biodegradation rate, which suggests the aerobic treatment as 

a good option to deal with this wastewater. This result might be related to the flow 

composition, mainly characterised by simple organic load where ethanol, tartrate and 

salts are predominant (Boris et al., 2011). However, it is relevant to note that 

respirometric assays are based on diluted wastewater, which does not accurately mimic 

biodegradation to full scale. 

The EW flow revealed a high conductivity value, due to its high salt content. The adverse 

effects of salts on microbial flora are often reported, resulting in low COD removal 

efficiencies (Kargi and Dincer, 1996; Dincer and Kargi, 2001; Uygur and Kargi, 2004; 

Nitisoravut and Klomjek, 2005). For instance, Uygur and Kargi (2004) observed that the 

COD removal efficiency decreased from 96% to 32% when salinity increased from 0% to 

6%. Despite this unfavorable effect, the acclimation of activated sludge is possible and 

could be used as a strategy to overcome this problem when salt concentration is less than 

5% (Kargi and Dincer, 1996; Dincer and Kargi, 2001; Lefebvre and Moletta, 2006).  

The winemaking operations produce a large quantity of wastewater throughout the year, 

mainly related to the winemaking process. Consequently, efforts to minimize these 

volumes and their environmental impact are of major relevance. An effective treatment 
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system plant should have into consideration the winemaking processes, the precise 

activities that generate wastewater and waste, as well as input consumption (water, 

energy, reagents) and resource management (Bories et al., 2011). 

Electrodialysis process, used for the tartaric stabilisation of wines, meets BAT criteria and 

contributes to reduce environmental impacts of the winery sector. When compared to 

cold stabilisation, electrodialysis, especially when combined with brine treatment by 

reverse osmosis, generates a significant decrease in consumption of water and energy 

and waste reduction (Bories et al., 2011). Although these issues have not been addressed 

in the present study, overall, the results of physicochemical characteristics of the EW and 

respirometry indicated that this wastewater may be treated with other winery flows. As 

some physicochemical parameters of EW were higher than values registered for other 

winery wastewater, further studies should be conducted at bench/pilot scale to improve 

the EW treatability at full scale, mainly to reduce the EW conductivity. 

 

 

4. CONCLUSIONS 

This study provides comprehensive information on the composition of raw winery 

wastewater generated in a small-size winery throughout different winemaking periods, 

vintage, first and second rackings and tartaric stabilisation of wine by electrodialysis, and 

details on biodegradability of each wastewater flow. For each sampling period, kinetic 

parameters were determined, aiming to evaluate the degradation rate of each winery 

wastewater during aerobic treatment. 

The organic load of wastewater generated throughout different winemaking periods was 

analogous among periods. The biodegradability of vintage wastewater, assessed by the 

BOD5/COD ratio (0.76), was significantly higher than the ones produced during the 

remaining periods. Although the biodegradability of electrodialysis wastewater ranked 

second (BOD5/COD ratio 0.45), it was not significantly different from that of the first 

racking (BOD5/COD ratio 0.40). Wastewater produced during the second racking, 

although not significantly different from the ones produced during the first racking, 
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revealed to be the most recalcitrant to aerobic treatment, much probably due to the 

highest phenolic compounds content. 

Taken together, the results indicate that electrodialysis wastewater could be treated with 

other winery wastewater, although some thinning might be useful to reduce the 

conductivity of the final wastewater. 

The kinetic behavior of winery wastewater revealed that biodegradation follows a first 

order kinetics. Also, it was demonstrated that the working period significantly affects the 

kinetic parameters Average half-lives for the aerobic degradation of winery wastewater 

ranged from 1.7 to 7.0 d, being the half-life of electrodialysis wastewater 2.8 d. 

The data presented here could provide information on the design of wastewater 

treatment, as well as the likely composition, organic load and biodegradability of each 

type of wastewater, throughout the different winemaking periods. 
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ABSTRACT 

An air micro-bubble bioreactor (AMBB) using a free self-adapted microbial population, 

15 dm3 working volume, was used for aerobic treatment of winery wastewater. This 

reactor utilizes a Venturi injector in conjunction with mass transfer multiplier nozzles, 

which allow an efficient oxygen transfer. The reactor can operate in batch or continuous 

conditions. The dynamics of chemical oxygen demand (COD), biomass and total contents 

of polyphenolic compounds was followed throughout each trial. The wastewater COD 

ranged between 4.0-8.0 kg COD m-3 and the efficiency of the batch treatment was about 

90.0±4.3%, after 6 days of operation. The maximum efficiency obtained was achieved 

after 15 days of treatment (99%). In continuous conditions, the loading rate and the 

treatment efficiency ranged between 0.45-1.00 kg COD m-3 d-1 and 93.3±2.0%, 

respectively. The AMBB hydraulic retention time was 15 days. 

To assess the suitability of treated water in relation to vineyard irrigation, the effluent 

was physico-chemical analysed and direct toxicity bioassays with effluent matrix were 

carried out using Lepidium sativum L. seeds. The results showed the water quality 

required to be reutilised minimizing water consumption. This study will contribute for the 

implementation of an efficient water use plan, aiming the preservation of the water 

resource and the reduction of the wastewater production. 
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1. INTRODUCTION 

The winery wastewater is seasonally produced and its treatment represents a main 

problem to the winery sector, as a result of the amount and composition of the effluent 

produced over the year. Winery wastewater is generated mainly as the result of washing 

equipment and bottles and purges from the cooling process. As a consequence of the 

working period and the winemaking technologies, volumes and pollution loads greatly 

vary over the year (Duarte et al., 2004; Eusébio et al., 2005). Consequently, the treatment 

system must be versatile to face both the loading regimen and stream fluctuation. 

Further, as each winery is unique in wastewater generation (highly variable, 2 to 14 L per 

litre of wine) and disposal, plans for environmentally friendly management of waste are 

not universal and should be tested for its effectiveness. In Portugal, many wineries 

discharge their wastewater into rivers without treatment, only 17% of the wineries have 

environmental licence, 5% dispose a pre-treated wastewater for the municipal 

wastewater treatment and 7% dispose the treated wastewater into water body 

(MAOTDR, 2007). On the other hand, most wineries are not able to identify the efficiency 

of the treatment system. Therefore, the disposal of winery wastewater is one of the main 

environmental problems related to wine industries. 

Several winery wastewater treatments are available, but the development of alternative 

technologies is essential to increase their efficiency and to decrease the investment and 

exploration costs. The most promising treatment system appears to be the vertical 

aerobic reactors characterised by good oxygen transfer and high biological conversion 

capacity (Petruccioli et al., 2000). To optimise the mass transfer, a highly efficient Venturi 

injector coupled with multiplier nozzles (AirJection®) was applied in lagoon (Meyer et al., 

2004).  

In order to achieve the best available technology is also important to be acquainted with 

the wastewater final disposal. There is increasing interest in treated wastewater as a 

source of supplemental irrigation (Ryder et al., 2004). In water scarce regions, there is a 

benefit when the treated wastewater is used as an economic additional water supply, in 

agriculture. Therefore, a number of concerns had to be taken into account and the 

knowledge of the treated wastewater composition is critical for safe use (Bustamante et 

al., 2004). However, chemical analysis could be insufficient to provide the potential 
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ecological risk, since they do not allow an evaluation of possible combined effects of the 

different contaminants mixed together, as well as their bioavailability. Bioassays, which 

can mitigate these constraints, are, therefore, recommended for the assessment of 

ecological risks in soils or other matrices to be used as organic amendments (van Gestel 

et al., 2001; Fjällborg et al., 2005). 

The main objective of this study was to evaluate a winery wastewater treatment system 

based on an air micro-bubble bioreactor (AMBB) at a bench-scale, and also to assess the 

suitability of treated water in relation to vineyard irrigation. 

2. MATERIALS AND METHODS 

2.1. Wastewater Characterization 

The winery wastewater was collected, between September 2006 and August 2008, from 

the Casa Agrícola Quinta da Casa Boa, located at Runa, Portugal, from a winery only 

producing red wines. The selected winery has a small/medium dimension with a 

production capacity of 200,000 L. Composite samples of the winery wastewater, 

representative of each phase of the process, were taken and maintained at 4ºC. A set of 

major key parameters were defined and analysed, according to Standard Methods for the 

Examination of Water and Wastewater (1998), in order to assess the winery wastewater 

pollutant charge: pH, conductivity, chemical oxygen demand (COD), biochemical oxygen 

demand (BOD), total suspended solids (TSS), volatile suspended solids (VSS), phenols, 

surfactants, Na, K, Mg and Ca. The winery wastewater flow was evaluated from water 

consumption. With this propose the winery installed general water counters to be daily 

read and register. 
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2.2. Bioreactor Equipment 

The AMBB with a total volume of 15 dm3 consists of a cylindrical bioreactor, equipped 

with a circulated pump, a high efficiency Venturi injector (HEVI) in conjunction with mass 

transfer multiplier nozzles (MTM) and a settler. The MTM nozzles discharge the air/water 

mixture from the HEVI into the bottom of the bioreactor. The flow diagram of the AMBB 

is shown in Figure 1. 

 

 

 

 

 

 

 

Figure 1: Flow diagram of the air micro-bubble bioreactor. 1- Bioreactor; 2- Settler; 3- Venturi injector; 4- 
Recirculation pump. 

 

 

2.3. Start Up and Operating Conditions of AMBB 

Four trails performed with the AMBB, under batch conditions were carried out during 15 

days. The reactor was inoculated with 15 dm3 of fresh winery wastewater, from the 

vintage period and with 0.15 dm3 of acclimated biomass, previously obtained from a 

winery aerobic reactor. Samples from the mixed liquor were daily taken for physico-

chemical characterization. During the continuous conditions, the AMBB started with fresh 

winery wastewater, from the vintage period, implemented with 4 g of urea to balance the 

nutrient requirements and no biomass was inoculated. The AMBB was fed continuously 

with a feeding rate ranging between 0.45-1.00 kg COD m-3d-1. The hydraulic and the solid 

retention time were 15 days and 40 days, respectively. The recirculation of the mixed 

liquor was 20 min hour-1, with a flow of 40 dm3 min-1. The aerated flow was 2 dm3 min-1. 

The operating temperature was 20-30 ºC. 
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2.4. Seed Germination Bioassays 

Germination tests were performed following Fuentes et al. (2004), by using cress 

Lepidium sativum L. seeds. The treated wastewater and two dilutions in distilled water 

(25%, 50% v/v) were tested. An aliquot of 3 mL of each dilution was disposed onto a filter 

paper (Whatman nº1) contained in a Petri dish (90 mm diam.). Distilled water was used 

as control. Five replicates of 10 seeds per plate and per dilution were tested. After 48 h of 

incubation at 20±2ºC in the dark, seed germination rate and the root length were 

measured. Germination index (GI), expressed in percentage, was calculated as 

GI=(RSG×RRG)/100 (Zucconi et al., 1985), where RSG represents the relative seed 

germination and RRG the relative root growth, after exposure to the treated wastewater. 

All experiments were repeated twice. The data of cress seed germination bioassays were 

subjected to analysis of variance (ANOVA) and the means compared by the Tukey´s test 

at a 5% significance level. 

3. RESULTS AND DISCUSSION 

 

3.1. Wastewater Qualitative Assessment 

During the studying period, samples of winery wastewater were taken for laboratory 

characterization to evaluate their pollutant charge (Table 1). The values of pH ranged 

from 4 to 8, being this variation mostly dependent on the labor period. The electric 

conductivity of the wastewater showed no relevant variation in the different sampling 

periods and the range of registered values is not considered as inhibiting biomass growth.  

The highest values of COD were reached during the vintage period, followed by the first 

racking. These results are in accordance to those previously reported by other authors 

(Petruccioli et al., 2002). As expected, the highest values of biodegradability (BOD5/COD) 

were achieved during the vintage period (Figure 2), due to the high concentration of 

simple molecules, easily metabolized (sugars and ethanol) by microorganisms 

(Duarte et al., 2004). 
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Table 1: Physical and chemical characterization of the wastewater 

Parameter Labor Period 

 

 Vintage 1
st

 Racking 2
nd

 Racking Bottling 

pH 5-7 4-8 5 8 

-1
) 1885-2110 1145-2260 2030-2400 1265 

COD (mg L
-1

) 5360-10170 4460-7260 1580-5930 1805 

BOD5 (mg L
-1

) 1770-8085 2250-4360 250-900 580 

TS (mg L
-1

) 2160-10270 2555-3210 2170-4470 2200 

TSS (mg L
-1

) 340-550 730-1010 160-2060 185 

Surfactants (mg L
-1

) 10-30 4-20 3-7 2 

Phenolic compounds (mg L
-1

) 6-32 20-35 5-29 2 

 

 

Concerning TS and TSS parameters, the results reveal a high variability during the 

vinification period. Moreover, the TS are significantly higher than TSS, which means that 

these wastewaters contain, mostly, dissolved organic pollutant charge. 

Although phenols and anionic surfactants are important pollutants, it is not expected that 

they could influence the organic load, since they are present in low concentration. 

 

 

Figure 2: Biodegradability indicators of the winery wastewater, in different labour periods. Bars represent 
standard deviation. 
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3.2. AMBB Treatment 

The bioreactor AMBB was tested in the vintage period and during racking. The evolution 

of COD concentration, biomass and polyphenolic compounds was followed, during the 

different periods and no significant differences were obtained (Figure 3a). Regarding the 

biomass evolution, a typical growth curve for batch cultivation was achieved (Figure 3b). 

This curve does not show a lag phase, since biomass was already adapted. 

a) b) 

  
 
Figure 3: (a) Evolution of COD and polyphenol concentration means, in the AMBB; bars represent 
standard deviation; (b) Reduction efficiency of COD, polyphenol and biomass concentration in the 
AMBB. 

 

The winery wastewater COD ranged between 4.0-8.0 kg COD m-3 and the efficiency of the 

batch treatment was about 90.0±4.3%, after 6 days of operation. This period is related to 

the biomass exponential phase. The maximum efficiency obtained (98.6±0.4%) was 

achieved after 15 days of treatment. In these conditions, the polyphenols dynamic was 

also evaluated. The results showed a similar behavior between COD and polyphenolic 

compounds (Figure3a). The winery wastewater polyphenols ranged between 4.5-10 g m-3 

and the removal efficiency during the batch treatment was about 80.4±9.3%, after 6 days 

of operation. For polyphenols, the maximum efficiency was 94.2±3.7%, after 15 days of 

treatment (Figure3b). These results are comparable with those reported by Beltran de 

Herédia et al. (2005), where they achieve 75% and 50% of COD and polyphenols 

reduction, respectively, after 3 days of treatment. In the present work, the COD reduction 

was lower, but the efficiency of polyphenolic compounds removal was about 60%. 
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During the continuous process, the bioreactor started with a loading rate of    

0.45 kg COD m-3 d-1, a feed-to-microorganisms ratio (F/M) of 0.20 kg COD kg-1 MVLSS d-1 

and a sludge retention time of 40 days. After a start up period of 40 days (Figure 4), 

required for the microbial flora adaptation, the MLSS was about 3.5 kg m-3. The observed 

yield coefficient for biomass growth (Yobs) was quite low, 0.09 kg MLVSS kg COD-1. Despite 

of the quite low sludge production, the bioreactor showed an effluent organic load of 

0.30±0.04 kg COD m-3, thus account for a COD removal higher than 93%. The obtained 

results are comparable to those reported by other authors (Petruccioli et al., 2002; 

Eusébio et al., 2005), with the advantage of the low sludge production. Similar results are 

reported by Brucculeri et al. (2004) and Racault and Stricker (2004), which stated that 

both the high sludge retention time and the high biodegradability of the substrates 

enlighten the low observed yields. 

 

 

Figure 4: Evolution of the air micro-bubble bioreactor (AMBB) performance, assessed by chemical oxygen 
demand (COD) removal efficiency. 

 

In order to assess the loading rate influence on the AMBB performance, the initial 

conditions were changed. The loading rate was increased to 1.00 kg COD m-3 d-1, the F/M 

ratio was about 0.27 kg COD kg-1 MLVSS d-1 and the observed yield coefficient for biomass 

growth was 0.13 kg MLVSS kg-1COD. In these conditions the COD removal efficiency 

achieves 96±3%. Despite the higher loading rate of the wastewater, the treatment 

efficiency increased, without a significant variation of biomass growth. This unexpected 

result could be explained by the highest specific oxygen respiration rate of biomass, 
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originated by a higher F/M ratio (Brucculeri et al., 2004), thus revealing a good adaptation 

of the microbial population (data not shown) to high organic loads.  

The AMBB effluent was physico-chemical characterized in order to evaluate its suitability 

to be used in crop irrigation (Table 2). All the analyzed parameters except one were in 

accordance with EU and Portuguese Legislation (Directive 2000/60/EC, DL n° 236/98) for 

irrigation use. Of particular concern was the sodium adsorption ratio (SAR), the 

proportion of sodium to calcium and magnesium, which was higher than the permitted 

parametric value. However, this treated wastewater will be used in irrigation systems to 

supplement irrigation water, as an economic additional water supply. The aim of water 

reutilization is to minimize water consumption. Nevertheless, other management 

strategies could be established in the celery, to diminish the SAR ratio. 

 

Table 2: Physical and chemical characterization of the treated wastewater and 
standard parameters for water irrigation use 

Parameter Treated wastewater DL nº236/98 

pH 7.7-8.8 4.5-9.0 

Conductivity (µS cm
-1

) 750-1050 - 

COD (mg L
-1

) 40-200 - 

N total (mg L
-1

) 2.0 - 

P total (mg L
-1

) 0.6 - 

Phenolic compounds (mg L
-1

) 0.4-0.6 - 

TSS (mg L
-1

) 10-60 60 

Cl
-
 (mg L

-1
) 60-70 70 

SO4
2-

 (mg L
-1

) 50-60 575 

SAR 27 8 

 

3.3. Seed Germination Bioassays 

Seed germination assays were developed for evaluating the effects of water 

contaminants on germination and seedling growth. Significant inhibition of this 

development phase will influence the capacity of plants to compete and survive in their 

environment (A.P.H.A., 1998). The adequacy of the treated wastewater for crop irrigation 

was evaluated with direct toxicity bioassays, by using cress seeds as indicator. These 

bioassays were carried out for undiluted and diluted treated wastewater. No significant 
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differences (P≤0.05) between batch experiments were registered on GI (Figure 5). The 

undiluted wastewater was responsible by a significant decrease of the GI, as compared to 

diluted wastewater, when both batches were considered. No significant interaction 

(batch x dilution) was recorded. 

As the cress bioassay is a standard procedure to evaluate the behaviour of crops to water 

contaminants, data evidence the suitability of treated wastewater in relation to crop 

irrigation, thus minimizing water consumption. While the quantity of wastewater 

available will account for only a small fraction of the total irrigation water requirements, 

these wastewaters could be used as additional water supply. 

 

 
Figure 5: Germination Index (%) of cress seeds exposed to different dilutions of treated wastewater. 
Columns marked with the same letter are not statistically different (P=0.05), according to Tukey´s test. 
 

4. CONCLUSIONS 

The AMBB performance in batch conditions shows a good COD removal, after 6 days of 

treatment. These results allow the evaluation of this reactor during start-ups, which is 

essential for seasonal wastewaters. During continuous process, the AMBB reveals a COD 

efficiency of 93.3±2.0%, which showed to be not dependent on the applied loading 

pollutant charge, of the feeding effluent. In these conditions the biomass demonstrates a 

low conversion degree, quantified by the observed yield coefficient for biomass growth 

(0.09-0.13 kg MLVSS kg-1 COD). 
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The treated wastewater revealed its suitability to be integrated in the irrigation systems 

as confirmed by direct toxicity bioassays and physicochemical characteristics. These 

results are promising and the system will be optimized in what concerns hydraulic 

retention time; oxygen transfer and contact time, energetic costs and sludge production. 

These will contribute to the settlement of the AMBB treatment at a pilot-scale. 
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ABSTRACT 

The oxygen transfer is often the rate-limiting step to the success of the aerobic 

bioprocess due to the low solubility of oxygen in the medium. In order to be acquainted 

with the oxygen transfer rate the simultaneous determination of the volumetric oxygen 

transfer coefficient (kLa) and the oxygen uptake rate (OUR) was carried out in the air 

micro-bubble bioreactor (AMBB), treating winery wastewater. The dynamics of chemical 

oxygen demand (COD) and biomass was followed throughout each trial. The COD of the 

winery wastewater ranged between 4.0-6.5 g COD L-1 and the COD removal efficiency of 

the batch treatment was 93.8±1.5%. During the winery wastewater treatment kLa value 

ranged from 0.006-0.026 s-1. A decrease in the kLa value was reported during treatment 

whereas an increase of the OUR values was obtained until reaching a plateau, followed 

by a decrease. The evaluation of the experimental data showed that both kLa and OUR 

values were affected by process variables. 
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1. INTRODUCTION 

Several treatment systems, both physicochemical and biological, have been proposed to 

reduce the organic load of the winery wastewater. Some of these technologies are based 

on membrane bioreactors (MBRs), sequencing batch reactor (SBR), upflow anaerobic 

sludge blanket (UASB), anaerobic sequencing batch reactor (ASBR) and jet loop reactors 

(JLR), as reviewed by Mosse et al. (2011). However, most of these methods have a 

number of common disadvantages since they are relatively expensive, are not applicable 

in all situations and often are not able to cope with fluctuations in hydraulic and pollution 

load. In order to overcome some of these problems, research efforts have been made 

either to develop novel bioreactors or to improve the above mentioned conventional 

methods.  

Although the high organic load of winery wastewater could recommend the application 

of an anaerobic treatment for removing its polluting content, several problems have been 

found in the application of anaerobic processes, due to the seasonal nature of the winery 

wastewater and its variable volume and composition throughout the year. Also, 

anaerobic processes are more difficult to monitor and control (Malandra et al., 2003), 

and some require batch feeding, longer start-up times and have relatively high 

installation costs (Mosse et al., 2011). Moreover, anaerobic systems produce a variety of 

volatile fatty acids, which are responsible for malodours (Bories et al., 2005).  

As a result, many winery wastewater treatment processes rely on aerobic microbial 

systems, because of their high efficacy and simplicity, as well as the versatility to face 

different sized operations (Mosse et al., 2011). The maintenance and enhancement of 

biological reactors are highly dependent on the microbial populations that change with 

time and winery activity (Jourjon et al., 2005). A deep understanding on the microbial 

populations involved in the process is crucial to address issues related to the treatment 

system management (Tandoi et al., 2006).  

So far, different studies have been developed on the characterisation and evaluation of 

microbial populations inside the aerobic bioreactors (Eusébio et al., 2004; Eusébio et al., 

2005; Jourjon et al., 2005), but the understanding of the microbial dynamics has been less 

addressed. In fact, this knowledge is of great importance for the optimisation of the 

treatment system. 
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In aerobic bioreactors the microorganisms are dependent on aeration oxygen supply; 

however, supply of oxygen constitutes a major operating cost for biological wastewater 

treatment systems (Al-Ahmady, 2006). Since oxygen has low water solubility a 

consequent low rate of oxygen transfer occurs. By employing an aeration process, such as 

sparging, free-jet flow and bubbling column, additional gas-water interfaces will be 

created. For bubbling systems, oxygen transfer takes place from the rising bubbles to the 

mixed liquor to supply the oxygen requirements for the biological process (Al-Ahmady, 

2006) and subsequently the oxygen is distributed by turbulence from the gas-water 

interface to the entire reactor (Gujer, 2008; Fayolle et al., 2010). However, the different 

nozzle geometry, the liquid phase properties, the jet length and diameter influence the 

oxygen distribution to the system, which in many cases is a limiting factor to the success 

of the treatment process.  

Knowledge of mass transfer coefficients between the different phases, together with 

reaction dynamics, is essential to design a three-phase (gas-liquid-solid) reactor and 

predict the microbial growth. In fact, in what concerns winery wastewater, the liquid 

phase in the reactor contains inorganic salts and organic substances which can give 

viscosity to the broth. In such conditions, the broth does not show a Newtonian 

behaviour (Garcia-Ochoa and Gomez, 2009), which highlights the importance of 

evaluating the mass transfer characteristics, in order to control and optimise the aerobic 

fermentation process (Choi et al., 1996; Fakeeha et al., 1999; Tojabas and García-Calvo, 

2000; Garcia-Ochoa and Gomez, 2009). Also, the dispersed gas phase rises through the 

continuous liquid phase where the solids are suspended or fluidized. This suspension can 

be attained by the strength of the bubble rise or by liquid recirculation.  

The volumetric mass transfer coefficient, kLa, is the parameter that characterises the gas-

liquid mass transfer in bioreactors. Its value can vary substantially according to the 

composition of the liquid medium along time (Fakeeha et al., 1999; Davison et al., 2004; 

Barton et al., 2008), and by the nature of pollutants and other constituents present in the 

wastewater. For instance, glucose increases the medium viscosity causing a decrease in 

the kLa value while some low foam surfactants are referred as increasing this coefficient 

(Fakeeha et al., 1999; Tojabas and García-Calvo, 2000). Moreover, the effect of the solid 

concentration on kLa mainly depends on the gas and liquid velocities, decreasing the 
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liquid velocity and increasing the gas velocity, leads to a less uniform solids distribution 

and the kLa values are lower than those without solids (Shah et al. 1982; Freitas and 

Teixeira, 2001). Thus, it is necessary to know the composition of the fermentative broth, 

at least some of its major compounds, for proper design and operation of aerobic 

process. 

Because kL and a are difficult to measure separately, usually the product kLa is evaluated 

together giving the volumetric mass transfer coefficient, which characterises the gas-

liquid mass transfer. The driving force for this diffusion phenomenon is attributed to the 

gradient between the oxygen concentration at the interface and that in the bulk liquid 

(Garcia-Ochoa and Gomez, 2009). This gradient varies with the gas solubility in the broth 

and microbial activity. Also, the gas solubility depends on temperature, pressure, 

concentration and type of salts present in the system.  

Many strategies have been proposed to determine kLa, from empirical equations until the 

theoretical prediction, most of which has been developed for bubble columns and airlifts 

(Garcia-Ochoa and Gomez, 2009). Also methods used to quantify the oxygen transfer rate 

(OTR) can be classified depending on where the measurement is done in the absence of 

microorganisms or with dead cells or in the presence of biomass that consumes oxygen at 

the time of measurement. The determination of the oxygen uptake rate (OUR) can also 

be carried out using a dynamic method which measures the respiratory activity of 

microorganisms that grow in the bioreactor. When the air supply is switching off, the 

dissolved oxygen concentration will decrease at a rate equivalent to oxygen consumption 

due to microbial respiration rate. In this situation the OUR is determined from the slope 

of the plot of dissolved oxygen concentration vs time. The biomass concentration should 

be known in order to determine the specific oxygen uptake rate (SOUR) (Garcia-Ochoa 

and Gomez, 2009). 

To date, the AMBB has had limited use in the treatment of winery wastewater. Probably, 

for this reason, it is not fully characterised, although previous studies have revealed that 

this bioreactor has specific characteristics that may make it an advantageous option for 

winery wastewater treatment, such as high efficiency, versatility, ease of operation and 

low energy costs (Oliveira et al., 2007, 2009). However, there are fundamental studies for 

this reactor to perform, particularly regarding the dynamics and transfer of oxygen during 
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operating with winery wastewater. The main goal of this work is the application of a 

dynamic method for simultaneous measurements of the volumetric mass transfer 

coefficient, kLa, and the oxygen up take rate, OUR, in the air micro-bubble bioreactor 

treating winery wastewater in batch conditions. 

2. THEORETHICAL BACKGROUND 

The aerobic bioprocess involves transport phenomena and biochemical reactions, i.e., the 

oxygen is transferred from a rising gas bubble to the liquid phase and then to the site of 

oxidative phosphorylation inside the cell, which is considered as a solid particle (Garcia-

Ochoa and Gomez, 2009). The steps related to these mass transfer processes can be 

represented according to the film theory for mass transfer, which describes the flux 

through the film based on a driving force (Figure 1). 

 

 
Figure 1. Steps and resistances for oxygen transfer from gas bubble to cell, in three phase reactors. 
Adapted from Garcia-Ochoa and Gomez (2009). 

 

The oxygen mass transfer rate (OTR) per unit of reactor volume is obtained by a solute 

mass balance for the liquid phase, according to the equation:  

1/kG 1/kL 1/kB 1/kS 

1/kC 
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        ( 
    )   (1) 

where kLa is the volumetric mass transfer coefficient (s−1), (C –CL) is the driving force 

causing the mass transfer, C  and CL refer to the liquid phase oxygen concentration at 

saturation and at any time, respectively (Bandyopadhyay et al. 1967; Fakeeha et al., 

1999). 

In bioreactors, it is essential to determine the experimental kLa to set the aeration 

efficiency and to quantify the effects of the operating variables on the dissolved oxygen 

supply. To select the appropriated method, some factors should be taken into account, 

such as aeration system; bioreactor type and its mechanical design; the composition of 

the fermentation broth and the possible effect of the microorganisms (Xu et al., 2010). 

The mass balance for the dissolved oxygen in the well-mixed liquid phase can be 

established as follows: 

  

  
            (2) 

where dC/dt is the accumulation oxygen rate in the liquid phase, OTR is the oxygen 

transfer rate from the gas to the liquid phase, described by equation (1) and OUR is the 

oxygen uptake rate by microorganisms (Garcia-Ochoa and Gomez, 2009; Irizar et al., 

2009).  

The methods used to quantify the oxygen transfer rate can be classified depending on 

whether the measurement is done in the absence of microorganisms or with dead cells or 

in the presence of biomass that consumes oxygen at the time of measurement. When 

biochemical reactions do not take place, OUR=0, then the equation (2) can be simplified 

to: 

  

  
     ( 

    )   (3) 

The conventional dynamic method (Bandyopadhyay et al., 1967) used to measure the kLa 

value is based on the dissolved oxygen consumption and supply. In this method the 

change in the dissolved oxygen concentration is analyzed supplying air until the oxygen 

saturation concentration in the liquid phase is reached. The oxygen decreasing is then 
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recorded as a function of time. Under these conditions, the equation (2) can be expressed 

as equation (4) and the kLa values can be determined from the slope of the ln f(CL) vs 

time. 

  (  
  

  
)           (4) 

Furthermore kLa is usually expressed at standard conditions of temperature (20 °C) and 

pressure (1 atm), as follows: 

                
       (5) 

The determination of the oxygen uptake rate (OUR) can also be carried out using a 

dynamic method which evaluates the respiratory activity of microorganisms growing in 

the bioreactor. When the air supply is switching off, the dissolved oxygen concentration 

will decrease at a rate equivalent to oxygen consumption, due to microbial respiration 

rate. In this situation the OUR is determined according to equation (2), based on the 

assumption of OTR=0, as follows: 

  

  
          (6) 

Also, the biomass concentration should be known in order to determine the specific 

oxygen uptake rate (SOUR), also known as oxygen consumption or respiration rate. This is 

determined as follows: 

     
   

     
    (7) 

3. MATERIAL AND METHODS 

3.1. Wastewater Characteristics 

The winery wastewater was collected from a winery only producing red wines, Casa 

Agrícola Quinta da Casa Boa, located at Runa, Portugal. The selected winery is a 

small/medium sized with a production capacity of 200,000 L year-1. 
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Composite samples of the winery wastewater, representative of vintage period, were 

taken and maintained at 4°C. The winery wastewater pollutant charge and other 

characteristics (Table 1) were determined, according to standard methods (APHA, 2005). 

Table 1. Physicochemical characteristics of winery wastewater from vintage period 

Parameter Value 

pH 7.1±0.5 

Conductivity (mS cm
-1

) 1.10±0.36 

Turbidity (NTU) 183±32 

COD (mg L
-1

) 5300±1450 

BOD5 (mg L
-1

) 4162±1235 

N (mg L
-1

) 15±5 

P (mg L
-1

) 12±3 

TS (mg L
-1

) 5015±2293 

TSS (mg L
-1

) 554±125 

Total polyphenols (mg gallic acid L
-1

) 25±10 

 

3.2. Bioreactor set-up, start-up and operating conditions 

The experiments were conducted in the Air Micro-Bubble Bioreactor (AMBB) which 

consists of a cylindrical bioreactor with an internal diameter of 0.15 m and 15 L of 

working volume, equipped with a circulated pump and a settler. The recirculation flow of 

the mixed liquor was 4.0 L min-1, during 5 min h-1. The aeration was attained by a high 

efficiency Venturi injector (HEVI) in conjunction with mass transfer multiplier nozzles 

(MTM) during the wastewater recirculation with a flow of 2 L min-1. The nozzles discharge 

the air/water mixture from the HEVI into the bottom of the bioreactor. The AMBB was 

equipped with an air flow meter and a monitoring probe (HI9828/10-02) able to on-line 

monitor pH, oxygen and temperature. A schematic overview of the bioreactor was 

provided in a previous study (Oliveira et al., 2009). 

The assays were performed in triplicate under batch conditions during 15 days, at room 

temperature. The reactor was inoculated with 15 L of fresh winery wastewater from the 

vintage period and 0.15 L of acclimated biomass, obtained from previous treatments. As 

the mass transfer coefficient, kLa, is a function of temperature, in order to compare the 

coefficients for results obtained under different temperatures, the equation (6) was used. 
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Samples from the mixed liquor were daily taken for physicochemical characterisation. 

The evolution of pH, temperature, COD concentration, mixed liquor volatile suspended 

solids (MLVSS) and dissolved oxygen (DO) was followed throughout the experiments. 

4. RESULTS AND DISCUSSION 

During the AMBB operation the microorganisms grew as suspended biomass but also as 

biofilm adsorbed to the reactor walls. The suspended biomass evolution revealed a 

typical growth curve for batch cultivation (Figure 2).  

This curve does not show a lag phase, since biomass was already adapted. Thus, there is a 

period of rapid growth of microorganisms accompanied by high COD removal and a high 

oxygen demand. After 5 days of treatment, the biomass reaches a plateau (stationary 

phase), indicating the end of the growth period, with moderate oxygen demand and most 

likely the beginning of the cell autolysis followed by a decline phase, when cell 

destruction increases with low oxygen demand. 

While the organic matter of the winery wastewater ranged from 4000 - 6500 mg COD L-1, 

the treatment efficiency was similar in all trials, corresponding to 84.7 ± 3.1% and 93.8 ± 

1.5% of COD removal, after 7 and 15 days of operation, respectively. The removal 

efficiency, although acceptable, is lower than that obtained in previous studies (Oliveira 

et al., 2009) where the COD removal efficiency reached 98%, after 15 days of treatment 

with an aeration time rate of 20 min h-1. However, these studies were carried out with a 

lower aeration time (5 min h-1), which also led to a lower biomass growth.  

 

 
Figure 2. Temporal evolution of COD and biomass concentration in the AMBB.  
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Concerning the DO concentration, the Figure 3 illustrates the dynamic change of this 

parameter in the AMBB. During the air supplying, the DO increases until it reaches 

saturation. The period of time required to reach saturation is directly related to the 

oxygen transfer rate. The estimation of OTR under different operational conditions has a 

relevant role to predict the microbial growth in aerobic treatments. So, this approach 

could be valuable for studying the influence of operational conditions on volumetric mass 

transfer coefficient. 

 

 

 
 

Figure 3. Evolution of DO concentration in the AMBB during (a) day 1, (b) day 4 and (c) day 9. 
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The conventional dynamic method was used to determine the volumetric mass transfer 

coefficient, kLa. The kLa values were calculated by solving the equation 2, during the 

aeration phase and considering that the gas flow and OUR were both constant. In these 

cases the slope of the ln f(DO) vs time allows the determination of the oxygen transfer 

parameter (Figure 4). The kLa values were corrected to 20 °C, according to equation 6. 

The results show a decrease in the kLa value during the treatment period especially 

between the fourth and the ninth day (Figure 5). Many factors could influence kLa, 

including air flow rate, air pressure, temperature, vessel geometry, biomass 

concentration and fluid characteristics. 

 
Figure 4. Experimental determination of kLa based on DO concentration in the AMBB. 

 

 
Figure 5. kLa and COD dynamics during wastewater treatment in the AMBB. 
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All parameters were kept constant throughout the treatment, except the wastewater 

composition and biomass concentration that varied during the treatment period. More 

readily biodegradable compounds such as sugars and ethanol are firstly assimilated by 

microorganisms, whereas the most complex substrates are only degraded at a later stage. 

Despite the decrease of kLa, even the lower values can be considered adequate and are 

comprised in the range found by other authors for other bioreactors (Fakeeha et al., 

1999; Duetz et al., 2000; Apar, 2010; Xu et al., 2010). 

Previous studies indicated that the presence of biomass can have substantial effects on 

the gas-liquid equilibrium as illustrated by several authors (Davison et al., 2000; Freitas 

and Teixeira, 2001; Barton et al., 2003; Barton et al., 2008). Germain et al. (2007) 

reported that MLVSS higher than 10-15 g L-1 reduces the mass transfer. Further the 

composition of the fermentation broth, related to the type of pollutants or other 

compounds present in the wastewater, influences the oxygen mass transfer. For 

example, glucose is reported to decrease kLa values, by increasing the viscosity of the 

medium (Fakeeha et al., 1999), while surfactants and ethanol are referred to have the 

opposite effect (Krishna et al., 1999). In fact, the exact composition of wastewater is 

difficult to determine, but the compounds mentioned above are always present in this 

type of wastewater. The decrease in kLa value can be related to the existence of certain 

compounds in wastewater, such as ethanol which can enhance the oxygen mass transfer 

during the initial phase of treatment. Indeed, even without being quantified, in all trials it 

was found that the size of the bubble formed, increased throughout the treatment 

period, which is in agreement with the obtained results. Moreover, it is interesting to 

observe that the kLa decline follows the degradation kinetics of organic matter, expressed 

as COD, which corroborate the obtained results. The kLa values obtained in these 

experiments are within the range of values described by other authors in jet loop pilot 

scale reactor (Fakeeha et al., 1999), which reported kLa values of 0.025 s-1, 0.017 s-1 and 

0.050 s-1 in distilled water, in an aqueous solution containing 2% of glucose and in an 

aqueous solution containing low concentrations of surfactant, respectively. Although 

Germain et al. (2007) have found that MLSS was the limiting parameter for mass transfer 

in membrane bioreactors with fine bubble aeration. However, the kLa values obtained by 

these authors were much lower than the values determined in the AMBB.  
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Germain et al. (2007) showed a kLa value of 0.008 s-1 in distilled water, but an increase in 

solids concentration led to an exponential decrease in kLa. 

In addition, the respirometric activity of microorganisms which are actively growing in the 

bioreactor can also be measured based on this dynamic method. When the gas supply to 

the bioreactor is turned off, the DO concentration decreases at a rate equal to oxygen 

consumption, due to the respiration of microorganisms. In this situation the OUR can be 

calculated from the slope of the DO vs time (Figure 6). 

 

 

 
Figure 6. Trendlines adjustment to DO concentration depletion to determine OUR in the AMBB during (a) 

day 1, (b) day 4 and (c) day 9.  
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Concerning OUR dynamics, it was registered throughout the wastewater treatment an 

initial increase in the OUR values until a plateau is reached, followed by a decrease. This 

is explained by an adaptation period of microbial populations to the treatment system, 

after which there is a removal of the organic load, expressed as COD rate, which in turn 

corresponds to the increment of OUR rate (Figure 7). During the first four days of 

treatment, the increase in the OUR values was much probably due to microbial growth on 

readily biodegradable substrate, as reported by Cokgor et al. (2009). The absence of 

readily biodegradable substrate leads to a decrease in both biomass growth and OUR 

values and the subsequent use of slowly biodegradable substrate (Damayanti et al., 

2010). 

 
Figure 7. Evolution of OUR and biomass during batch treatment. 
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volatile suspended solids in the mixed liquor (MLVSS) (Figure 8). This high SOUR rate 

(>20 mg O2 g-1 MLVSS h-1) is due to the high activity of the microbial population to oxidise 

substrates, which is usually associated with the exponential increase in population 

density (expressed as biomass). These values may be induced by an increased energy 

requirement stimulated by a famine period, during sludge acclimatisation.  
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Figure 8. Evolution of SOUR and COD rate during the batch treatment. 

 

 

In aerobic reactors the optimisation of sludge production and settling is considered a key 

parameter. For example, the large amount of excess sludge generated during activated 

sludge process is estimated at about 40-60 % of the operating costs (Chen et al., 2001). 

This sludge contains volatile solids and retains about 95% of water resulting in a large 

volume of residual solids produced. The biological sludge production in conventional 

wastewater treatment plants can be minimised using different strategies (Pérez-Elvira et 

al., 2006), such as endogenous metabolism and maintenance metabolism. In this last 

approach, part of energy source is used for maintaining living functions in this phase and 

the substrate consumption is not used for cellular synthesis. In the endogenous 

metabolism part of cellular components is oxidised to produce the required energy for 

maintenance functions, which leads to a decrease in the biomass production. The 

objective is to reach a natural balance between biomass growth and decay rates. The 

oxic-settling-anoxic activated sludge process, considered as a sludge feast/famine 

treatment, is based on alternating exposure of sludge to oxic and anoxic environments. 

This working cycle stimulates catabolic activity, promoting a dissociation of catabolism 

from anabolism. The sludge famine is related to an exposure of the settled sludge to 

anoxic conditions where the substrate concentration is low. Under these stressful 

conditions, microorganisms are under starvation which may lead to a depletion of cell 

energy or nutrient storage. The sludge feasting means that fasted microorganisms return 

to an oxic environment with enough nutrients. As a consequence, the microbial growth 

may be limited by energy uncoupling (Chen et al., 2001). 
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The feast/famine phenomenon has been reported by several authors as a strategy to 

minimize sludge production (Chen et al., 2001; Ramakrishna and Viraraghavan, 2005; 

López- Palau et al., 2009). In winery wastewater treatments systems the period prior to 

vintage is a non-productive period, without wastewater generation. In this sense, the 

existing biomass in the treatment system is subjected to a famine treatment. Moreover, 

during vintage the wastewater production has the highest flow rates and organic 

loadings. According to Chen et al. (2001) after a famine period the microorganisms are 

starved and the substrate utilization rate increases. A treatment system based on this 

management model seems to be a good approach for winery wastewaters, with the 

additional advantage of keeping the low amount of sludge. Also, the absence of oxygen 

reduces the growth of strictly aerobic populations and stimulates the facultative bacteria 

(unpublished results), which have lower specific growth rates. In this sense, as the 

dominant population is constituted of slow growers that may also explain the low sludge 

yield production.  

The strategy based on low aeration time, alternating aerobic with anoxic periods, allows 

the treatment of the winery wastewater with lower efficiency (Oliveira et al., 2009) but 

with lower sludge production. In the management of a wastewater treatment is essential 

to establish a compromise between operating costs and effluent quality, taking into 

account the final destination and the legal requirements. 

5. CONCLUSIONS 

In this type of seasonal industry, the treatment system must be able to treat the 

wastewater produced in all labour period. The estimation of OTR could be interesting for 

studying the influence of operational conditions on volumetric mass transfer coefficient 

in the AMBB. The results showed kLa values ranging from 0.006 to 0.026 s-1, which 

decreased during the treatment period. This decrease in kLa value may evidence that 

biomass growth and some of the existing compounds in wastewater affects the oxygen 

mass transfer. The SOUR measurements throughout the wastewater treatment showed 

high values, which could indicate a high organic load to the existing suspended solids in 

the mixed liquor. This high SOUR rate is due to the high activity of the microbial 

population to oxidise substrates, in the begging of the treatment. 
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The implemented strategy where alternated aerobic/anoxic steps showed to be a good 

approach to minimize the sludge production and to reduce energetic costs. 

However, further studies should be conducted in order to better understand the effect of 

winery wastewater composition in mass transfer coefficients. The result of feast / famine 

treatment in sludge acclimatization should also be exploited, as it is of interest in this 

type of seasonal industries.  
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ABSTRACT 

The present study proposes the use of the pilot Air Micro-Bubble Bioreactor (AMBB) 

under continuous mode of operation to treat winery wastewater from the second racking 

period. The organic loads fluctuations, usual in the winemaking industry, and the aeration 

time rate, both related to energy costs, were the studied variables. Different 

combinations concerning organic loading rate (0.16-0.44 g COD L-1 d-1) and aeration time 

rate (1, 5 and 15 min h-1) were presented. The study revealed that COD removal efficiency 

was not dependent on the applied organic loading rate. Also, the decrease in the aeration 

time rate was accompanied by a nearly three-fold reduction in energy consumption 

without relevant changing on COD removal efficiency (93-96%). These results represent a 

great challenge and may contribute to satisfying all requirements for the success of the 

AMBB with lower environmental footprint. 
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1. INTRODUCTION 

The wine sector in Portugal represents a highly significant economic activity and is the 

most dynamic within the Portuguese agricultural exports. The current wine consumption 

in Portugal is above 4.70×106 hL per year (INE, 2008), which also contributes for the high 

relevance of the wine sector to the country economy.  

The winemaking process, which includes well-defined by standardized operations such as 

harvest, followed by crushing and pressing operations, fermentation, clarifying, racking 

and bottling, generates high pollutant wastewaters and the treatment and disposal (or 

reuse) of this effluent requires appropriate and sustainable management options in 

compliance with legislation and regulations. The winery wastewater is seasonally 

produced and mainly generated from the cleaning operations, rinsing of fermentations 

tanks, barrels washing, bottling and purges from the cooling process. As a consequence of 

the seasonal working period and the winemaking technologies, volumes and pollution 

loads greatly vary over the year. Moreover, each winery is unique in wastewater 

generation, which varied from 0.5 - 14 L water/L wine (Moletta, 2009; Van Schoor, 2005). 

The wastewater from the 2nd racking period, which occurs when the fermentation activity 

is completed, is considered to be the most polluting due to high content of organic load 

and concentration of suspended solids, resulting from the presence of tartrate 

precipitates. These solids are often problematic due to the high phenolic load adsorbed 

(Oliveira and Duarte, 2011). So, according to the processing method, each winery 

generates wastewater with specific properties, thus preventing the possibility to meet a 

general agreement on the most suitable and cost-effective alternative for treatment. 

Winery wastewater is characterised for a high content of organic compounds, consisting 

of highly soluble sugars, alcohols, acids and recalcitrant high molecular weight 

compounds, such as polyphenols, tannins, and lignins (Arienzo et al., 2009; Pirra, 2005). 

The chemical analysis of such wastewater indicates that the chemical oxygen demand 

(COD) is mainly dependent on the total sugar content, unlike phenolic compounds which 

represent only a small proportion. Nevertheless, without treatment, this wastewater can 

have a detrimental effect when discharged into the environment (Malandra et al., 2003; 

Strong and Burgess, 2008). 
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Phenolic compounds in general are harmful pollutants that are toxic to human, animals 

and many microorganisms, even at relatively low concentration (Nair et al., 2008). They 

are resistant to degradation, but some bacteria (Melamane et al., 2007; Pepi et al., 2010; 

Saravanan et al., 2008) and fungi (Asses et al., 2009; Strong and Burgess, 2008) can 

tolerate and degrade those compounds. 

The dissolved oxygen concentration, considered a secondary selective pressure of 

microbial communities (Quan et al., 2012), is also related to the COD removal efficiency 

and treatment performance (Ma et al., 2009; Zheng and Cui, 2012). 

Previous research on the air micro-bubble bioreactor (AMBB) revealed the suitability of 

this system for the seasonal winery wastewater (WW) treatment assessed by the COD 

removal efficiency, in addition to the appropriateness of the treated effluent to be used 

for irrigation (Oliveira et al., 2009). In addition, the results showed that the operating and 

managing costs could be potentially optimised. 

In the present study, we report the impact of oxygen-limited conditions in the AMBB 

performance with emphasis on the efficient energy use. The COD was selected as a key 

parameter to monitor the AMBB performance, during the 2nd racking period, as a 

function of organic loading rate and aeration time. The AMBB performance was 

compared between runs. 

2. MATERIALS AND METHODS 

2.1. Physicochemical Analyses of Winery Wastewater 

The winery wastewater was collected during the 2nd racking operation, between January 

and March 2012, from Quinta da Casaboa winery (39° 3'45.77"N; 9°12'7.91"W, Portugal) 

that produces 100 000 dm3 of red wine per year. Three composite samples were taken 

and stored at 4 °C, until characterisation. The physicochemical characterisation was 

carried out in duplicate, according to the Standard Methods (APHA, 2005). A set of major 

parameters were evaluated: pH, electrical conductivity, total and soluble chemical oxygen 

demand (COD), biochemical oxygen demand (BOD), total suspended solids (TSS), volatile 
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suspended solids (VSS), total phosphorus, total nitrogen, nitrate and total polyphenolic 

compounds (Folin-Ciocalteau Method). The total and the soluble COD, the total 

phosphorus and total nitrogen were determined by spectrophotometric methods using 

the Spectroquant NOVA 30 A photometer (Merck). The pH values and the conductivity 

were monitored using the HACH sension 4 pH meter and the HACH sension 7 conductivity 

meter. After the analytical evaluations, the wastewater samples were stored at -11 °C. 

2.2. AMBB Set-up and Work Conditions 

In this study, two AMMB bioreactors (AMBB1 and AMBB2) fabricated from rigid 

transparent PVC tube with a total volume of 15 L were used. Each reactor consists of a 

vertical and cylindrical column having a highly efficient Venturi injector coupled with 

multiplier nozzles (AirJection®) equipped with a circulated pump, which supplies oxygen 

to the mixed liquor during recirculation, as previously described by Oliveira et al. (2009).  

The AMBB was inoculated with acclimatized biomass to achieve an initial mixed liquor 

volatile suspended solids (MLVSS) value of 2 g L-1. During the acclimation period, the total 

influent concentration was increased. The acclimation ceased when there was just very 

little sludge in the AMBB effluent while there was still some biomass in the reactor. The 

sludge had good sedimentation property and the treatment efficiency stabilized. Total 

acclimation lasted for 30 days. 

Both AMBB bioreactors were operated in continuous mode with a hydraulic retention 

time of 15 days and were inoculated with 15 L of fresh winery wastewater, from the 

2nd racking period. The AMBB was inoculated with acclimatized biomass. No adjustments 

were made for nutrients and pH. The mixed liquor recirculation was held with a flow rate 

of 40 L min-1 corresponding to an aeration flow rate of 2 L min-1. The AMBBs were 

operated under room temperature (approximately 22 ºC). 

The AMBB feeding was performed by diluting the influent WW, in order to have the 

required organic loading rate (OLR). Different combinations of OLR and aeration time rate 

(ATR) were assayed (Table 1).  
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The AMBB1 bioreactor was evaluated throughout 115 days, by five different runs (R1 to 

R5) and AMBB2 was followed during 55 days, by two different runs (R1 and R2). To assess 

de AMBB performance, samples of mixed liquor were collected every two days to 

monitor total and soluble COD, total polyphenols compounds, MLVSS, pH and 

conductivity, as previously described. 

 
Table 1. Operating conditions of two AMBB bioreactors at different runs 

Reactor Run ATR 

(min h
-1

) 

OLR 

(g COD L
-1 

d
-1

) 

AMBB 1 R1 15 0.16 

 R2 5 0.16 

 R3 5 0.44 

 R4 1 0.44 

 R5 15 0.44 

AMBB 2 R1 15 0.44 

 R2 5 0.44 

 

2.3. AMBB Statistical Analysis 

The data of COD and polyphenol removal efficiencies were subjected to analysis of 

variance (ANOVA) and the means compared by the Tukey’s test at a 5% significance level. 

Agglomerative hierarchical clustering with Euclidean distance complete linkage was used 

to assign each run to a group, based on the observed variables representing the 

performance profile of the AMBB system. STATISTICA 7 software was used to compute 

statistical analysis of the data. 

3. RESULTS AND DISCUSSION 

3.1 Winery Wastewater Characterisation 

Samples from the WW of the 2nd racking period were characterised to evaluate the 

quality of WW (Table 2). The WW analysis showed acidic characteristics and a 

conductivity similar to other working periods (Oliveira et al., 2009). The organic matter 
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concentration, evaluated as COD, attained high values, thus revealing the high pollution 

load of this wastewater. However, these levels of COD are comparable to those reported 

by the literature for this type of wastewater (Eusébio et al., 2005; Oliveira et al., 2009; 

Montalvo et al., 2010). Low nutrient levels were found in this WW as compared to the 

organic load, resulting in an imbalance BOD:N:P ratio (100:1.6:0.8), specially regarding 

nitrogen. The total content of polyphenols (Table 2) showed variation between samples 

(0.18 to 0.36 g L-1), probably related to different TSS contents (Day et al., 2011). The 

polyphenol concentration range is however in accordance with data reported from other 

studies (Petruccioli et al., 2002; Pirra, 2005; Oliveira and Duarte, 2011). 

 
Table 2. Physicochemical characterisation of winery wastewater from the 2

nd
 racking period 

Parameter Units Amount 

pH  2.8-3.7 

Conductivity  (mS cm
-1

) 1.5-2.5 

Total COD (g L
-1

) 23.2 – 48.9 

Soluble COD (g L
-1

) 20.0 – 30.8 

BOD5 (g L
-1

) 6.99 – 16.4 

Total  nitrogen (g N L
-1

) 0.014 -0.032 

Total phosphorus (g P L
-1

) 0.009-0.011 

Total polyphenol (g L
-1

) 0.18 – 0.36 

TSS (g L
-1

) 1.32 – 4.46 

 

3.2 Influence of Aeration Supply, under Low Organic Loading Rate 

The AMBB was operated for 20 days with an OLR of 0.16 g COD L-1 d-1 and 15 min h-1 of 

ATR under saturated conditions (6 mg O2 L-1), prior to the beginning of the oxygen 

deprivation study (AMBB1-R1). The COD removal efficiency was 82% within the first 5 

days of operation. Moreover, the rapid decrease in soluble COD concentrations occurred 

in parallel to the increase in biomass (Figure 1 and Figure 2). After 15 days of operation, 

the reactor reached the steady-state and a high-quality effluent was produced. Signs of 

stability of the effluent were observed until day 20. The COD and total polyphenols 

removal performance were 95.8% ± 1.3% and 94.0% ± 0.7%, respectively (Table 3). In 

addition to a competent biomass able to degrade the WW organic matter, other 

ecological considerations related to the AMBB adaptation should be assessed, namely the 
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oxygen supply. For this purpose, the ATR was changed to 5 min h-1 (AMBB1-R2). The 

decrease of the oxygen supply resulted in a temporarily high COD concentration in the 

effluent (Figure 2), although complete organic matter removal was restored again within 

4 days after operating. The COD removal efficiency regained the initial value and the total 

polyphenols removal efficiency decreased only 8%. 

Figure 1. Effect of OLR and oxygen supply in the biomass growth, during the AMBB1 assays:  

● MLVSS (g L
-1

) concentration; - - - ATR (min h
-1

); ____ OLR (g L
-1

d
-1

) affluent. 

R1- Run 1; R2- Run 2; R3- Run 3; R4- Run 4; R5- Run 5. 

R1 and R2 at OLR = 0.16 kg COD m
-3

 day
-1

 and R3-R5 at OLR = 0.44 g COD L
-1

 d
-1

. 

 

Figure 2. AMBB1 removal efficiency during different runs: ● COD removal efficiency (%); 
 ■ polyphenol compounds removal efficiency (%); - - - ATR (min h

-1
);. 

R1- Run 1; R2- Run 2; R3- Run 3; R4- Run 4; R5- Run 5. 

R1 and R2 at OLR = 0.16 g COD L
-1

 d
-1

 and R3-R5 at OLR = 0.44 g COD L
-1

 d
-1

  

 

There was no significant difference (P ≤ 0.05) in COD removals, between runs. In this 

case, the decrease in the ATR was accompanied by a nearly three-fold reduction in 

energy consumption without relevant changing on the final effluent quality. This result is 

of upmost relevance but should be validated for higher OLR values, thus mimetizing more 

real operation conditions 
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3.3 Influence of OLR  

Aiming to verify the AMBB behavior under near-real conditions the AMBB1-R3 assay was 

carried out. The OLR was approximately 2.5-fold increased and the ATR was maintained 

(5 min h-1), since that aeration condition revealed suitability for the WW treatment in the 

previous run. In response to the OLR shock, an immediate increase in the MLVSS 

concentration from 1.1 g L-1 to 1.8 g L-1 was detected, which stabilized after 15 days of 

operation (Figure 1). This increase was probably related to the growth of heterotrophic 

microorganisms, since the amount of available substrate for the biomass growth was 

larger than in the other runs. Nevertheless, the OLR shock led to a slight decrease (3%) of 

the COD efficiency, which stabilized after 4 days and remained stable throughout the run 

(92.9% ± 0.9%). Concerning the total polyphenols, the removal efficiency was always 

declining during the treatment and stabilized at 27%, on day 28. The biodegradation of 

polyphenols, is usually related to oxidoreductase enzymes that are dependent on the 

microbial strain, presence of inducers, such as oxygen, composition of the culture 

medium and type of culture conditions (Luke and Burton, 2001; Minussi et al., 2007; 

Strong and Burgess, 2008). Therefore, the results showed that although these conditions 

are favorable for the WW treatment, considering the COD removal, they proved to be in 

some extent detrimental to the removal of the total polyphenols. The pH remained stable 

during the runs (7.0±0.5). The obtained results are similar to those obtained in a previous 

study (COD removal, 93% and OLR, 0.45 g COD L-1 d-1) but where the ATR was 20 min h -1 

(Oliveira et al., 2009). So, a comparable COD removal was obtained with a four-fold 

reduction in ATR inside the bioreactor. These unexpected results have led us to test the 

removal of COD still under more drastic conditions of oxygen supply, to better 

understand the AMBB flexibility, although the polyphenols removals had been lower than 

expected. 

3.4 Influence of Aeration Supply, under Conventional Organic Loading Rate 

In order to evaluate the AMBB flexibility, the AMBB1-R4 assay was carried out under 

oxygen-limited conditions. An ATR of 1 min h -1 was applied, while the OLR was remained 

constant (0.44 g COD L-1 d-1). The reduction of the ATR was accompanied by an increase 

of organic matter in the AMBB effluent. The COD removal efficiency was acceptable but 
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dropped to 70.0±0.6%. The biomass, assessed as MLVSS concentration, was slightly 

affected (1.6 g L-1 instead of 1.8 g L-1). However, under such operating conditions, the 

most negative effect was recorded on the polyphenol removal, which was remarkably 

affected by the oxygen decrease. As shown in Figure 2, the reduction of the ATR led to an 

abrupt decline on the polyphenol removal, which was not degraded under limited-oxygen 

conditions. Under aerobic conditions, the polyphenol degradation is usually related to 

oxidoreductases enzymes produced by microorganisms (Luke and Burton, 2001; Minussi 

et al., 2007). The decrease in the polyphenol removal efficiency was most probably due 

to enzymatic activity inhibition, as a result of oxygen depletion inside the reactor, as 

oxygen is essential for the biochemical degrading reaction (Mayer, 2002). 

Since shock loads occur frequently in the winemaking industry, it is necessary to assess 

how long a recovery period is for the system regain stability. Therefore, a longer aeration 

run was carried out (AMBB1-R5) and, gradually, the effluent characteristics began to 

recover. Within 15 days, following the transient conditions, the COD removal was 

restored to values similar to those observed in AMBB1-R3 assay and the biomass 

concentration attained 2.2 g L-1 (Figure 1 and Figure 2). On the day 24, the COD removal 

efficiency was already 94%. The main results showed that both COD and biomass had 

similar behaviors, the negative effects resulting from limited-oxygen conditions were 

short-term and reversible.  

Concerning polyphenol removal efficiency, there was an increase (20%) after 2 days of 

treatment. However, an additional period of 13 days was required to increase the 

polyphenols removal to acceptable levels, and a new steady state was reached with a 

removal efficiency of 73.6±2.5%. 

Overall, the obtained results revealed a positive effect of the AMBB either to shock loads 

or low aeration. These findings are of upmost importance, taking into account that the 

responsiveness of the treatment system is a major concern for the reactor design, 

particularly in agro-industries that are subjected to large organic load variation and flow 

fluctuations, due to seasonality (Cheong and Hansen, 2008; Moletta, 2009). 
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3.5 Evaluation of AMBB Robustness 

To validate the robustness of the AMBB treatment system a 2nd startup was followed in 

an independent reactor (AMBB2) and its performance was compared in two different 

operating conditions (R1 and R2). The OLR was kept constant (0.44 g COD L-1 d-1) and only 

the two best ATR conditions were tested (5 min h-1 and 15 min h-1).  

Under an ATR of 15 min h-1, a good COD removal performance (95.0±0.9%) was promptly 

reached after 5 days of operation and kept stable until the next run. This fast stabilization 

may be related to biomass adaptation, as acclimated sludge from the first reactor 

(AMBB1) was used as inoculums for the 2nd reactor (AMBB2).  

Although some differences in the operation conditions of the reactors existed, most 

variables were kept constant to verify whether there was reproducibility between assays. 

The results for runs that took place in both reactors with ATR of 15 min h-1 were 

concordant. Under such conditions, the COD removals stabilized at 94.1 ± 0.8% (AMBB1-

R5) and 95.0±0.9% (AMBB2-R1) (Table 3). Concerning the polyphenols removal the 

obtained values for the AMBB1-R5 and AMBB2 R1 were 73.6±2.5% and 69.5±3.6% 

respectively. No significant (P ≤ 0.05) differences were obtained between runs (Table 3). 

 

Table 3. AMBB performance under different operating conditions 

  Run F/M 
(g BOD5 g

-1 SSV d-1) 

CODout  
(mg L

-1
) 

COD 
removal (%) 

Total polyphenolout 
(mg L

-1
) 

Total polyphenol 
removal (%) 

AMBB 1 R1 0.07 94.7±3.1 95.8 a 1.4 ± 0.1 94.0 a 

 R2 0.06 97.7± 2.9 95.7 a 4.1 ± 0.1 82.3 b 

 R3 0.10 437±45 93.3 a 43.1 ± 3.5 26.9 c 

 R4 0.07 1812±28 70.0 b 55.7 ±0.5 5.6 d 

 R5 0.08 353±10 94.1 a 19.3 ±1.8 73.6 e 

AMBB 2 
R1 0.07 300 ± 20 95.0 a 18.3 ±2.9 69.5 e 

  R2 0.07 914 ± 24 84.7 c 53.2 ± 3.0 27.4 c 

AMBB1: R1 and R2 at OLR = 0.16 g COD L
-1

 d 
-1

and R3-R5 at OLR = 0.44 g COD L
-1

 d 
-1

  
AMBB2: R1 and R2 at OLR = 0.44 g COD L

-1
 d 

-1
 

Values marked with the same letter are not statistically different (P = 0.05), according to Tuckey’s test  
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With regard to runs under ATR of 5 min h-1, it was found that polyphenol yields were very 

similar between reactors and no significant differences (P ≤ 0.05) were recorded. The 

COD removal efficiency obtained in the AMBB2-R2 was lower than in the AMBB1-R3 and 

affords no easy explanation. Despite OLR have been set, the AMBB2-R2 was inoculated 

with a different wastewater sample. Moreover, the AMBB2-R2 was subjected to a 

different shock when compared to the AMBB1-R3. This unexpected result may be 

explained by these operational conditions. However, further studies are needed to better 

understand the obtained values.  

In this designed experience different effects were recorded on the dependent variables, 

after varying an explanatory variable. The observed inter-runs relationships are 

supported by the dendrogram (Figure 3) where three clusters are observed with 

significant linkage distance. In cluster 1 a single run appears isolated, corresponding to 

AMBB1-R4. This run was carried out at ATR of 1 min h-1 and showed the worst 

performance, when compared to the others runs. Although there are some differences in 

the behavior of dependent variables, the AMBB1-R3 and AMBB2-R2 assays cluster 

together (cluster 2), revealing the similarity between runs. Cluster 3 shows four cases that 

are related to the best overall AMBB performance. Despite most runs has been 

conducted with an ATR of 15 min h-1, the run AMBB1-R2 was carried out with 5 min h-1 of 

ATR, evidencing a strong mutual correlation to form the primary cluster pairs with 

AMBB1-R2, which was designed with an ATR of 15 min h-1.  

 
Figure 3. Clustering using Euclidean distances complete linkage for AMBB performance. 
AMBB1: R1 and R2 at OLR = 0.16 g COD L

-1
 d 

-1-1
 and R3-R5 at OLR = 0.44 g COD L

-1
 d 

-1
 

AMBB2: R1 and R2 at OLR = 0.44 g COD L
-1

 d 
-1 
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According to the cluster analysis these runs show similarity, which reinforce the evidence 

that AMBB could be efficiently operated under oxygen-limited conditions, thus 

contributing to diminish the energetic costs.  

To develop efficient strategies for the WW treatment, several parameters should be 

considered in the selection of the adequate technology. The treatment system should 

maximize removal efficiency, improve the flexibility, meet discharge requirements for 

WW and concur to low sludge production and energetic costs. In addition, it should be 

easy to operate and maintain and should represent a moderate capital cost. The results 

of the present study reveal that most of these requirements could be achieved by the 

AMBB system, even operating under low oxygen supply. 

4. CONCLUSIONS 

The responsiveness of any wastewater treatment system to shock loads and lack of 

oxygen supply is one of the major concerns on planning and management of a winery 

wastewater treatment system. This study demonstrated that COD removal efficiency was 

independent on the applied OLR and ATR (5 and 15 min h-1), beyond the cycle where the 

shock occurred. Albeit the total polyphenol removal has been highly affected by both OLR 

and ATR, the data revealed the suitability of 5 min h-1 of aeration for COD removal with a 

three-fold reduction in the energy consumption. 
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ABSTRACT 

Winery effluents have a high pollution potential, especially those effluents that are 

obtained from the second racking. However, these effluents are rich in phenolic 

compounds and polysaccharides and can be potential sources for the recovery of these 

compounds. Therefore, a process was developed in this study to reduce the pollution 

potential of the winery effluents from the second racking and to recover the polyphenols 

and polysaccharides from the effluents by utilizing ultrafiltration (UF) and sedimentation 

operations. The sedimentation was optimized by varying the pH from 3.8 to 8.0, while the 

UF experiments were optimized by varying the transmembrane pressure from 0.5 to 4.0 

bar and the feed circulation velocity from 0.44 to 0.87 m s-1. This process provided a 

permeate stream with a reduction in the TOC content by 56.6%, while the polyphenols 

and the polysaccharides in the concentrate stream were concentrated by 6 times and 5 

times, respectively. 
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1. INTRODUCTION 

The wine industry generates a large volume of effluents. This industry operates 

seasonally, and the quality of the effluents varies widely according to the type of wine 

that is being produced, the winemaking technologies used for production, the dimensions 

of the installed equipment and the quantity of water consumed. Among these effluents, 

the effluent from the second racking has a high pollution charge because of its high 

concentration of organic compounds such as polysaccharides, polyphenols and organic 

acids. Consequently, the quality parameters in the effluent, such as the chemical oxygen 

demand (COD) and the total suspended solids (TSS), can be as high as 30 g L-1 and 20 g L-1, 

respectively, as shown in Table 1 [1]. Racking is a process that siphons the wine must 

from one container to the next, to separate the wine from the sediment. The second 

racking is conducted at the end of fermentation activity, aiding in the clarification of the 

wine and inhibiting the production of unwanted off-flavors. 

 

Table 1. Average characteristics of winery effluents [1] 

Parameter Value 

COD (mg L
-1

) 3000-30000 

BOD (mg L
-1

) 1000-15000 

TS (mg L
-1

) 1000-20000 

Sugars (mg L
-1

) 100-8000 

Ethanol (mg L
-1

) 1000-9000 

Phenolic compounds (mg L
-1

) 280-1450 

 

The treatment and the disposal of winery effluents are critical issues in wine-producing 

regions, where wine production is operated at a large scale, producing large volumes of 

effluents during the grape harvest and racking periods, which span 3-4 months in a year 

[2]. 

Therefore, a responsible management of these effluents requires that their potential 

environmental impacts should be minimized to acceptable levels [3]. Several research 

efforts aiming to develop efficient technologies for the treatment of these effluents have 

been reported in recent years, based on biological treatments (anaerobic and aerobic), 
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land-based treatments (constructed wetland) and advanced oxidation processes (ozone, 

Fenton's reagent and several others), as well as various combinations among these 

technologies [2–11]. 

The above mentioned processes are presented only as solutions for the treatment and 

the discharge of the effluent. However, winery effluents can be considered as an 

alternative source for the recovery of polyphenols because their concentration in the 

effluent can be as high as 1350 - 1450 mg L-1 [1,3]. 

The high commercial value of these polyphenols requires the development of a process 

that can treat the effluent and recover these polyphenols at the same time. Different 

membrane technologies such as microfiltration (MF), ultrafiltration (UF), nanofiltration 

(NF) and reverse osmosis (RO) have already been widely used in the recovery, 

concentration and fractionation of value-added products in other areas [12–14] and 

hence can be considered as alternative treatment processes for winery effluents. 

Membrane technology, namely ultrafiltration, is best suited for the separation of the 

macromolecules in the effluent [15, 16]. Using membrane processes, Meng et al. [17] 

recovered anthocyanins from vegetable extracts at high recovery rates and Garcia- 

Castello et al. [18] obtained a concentrated solution enriched in polyphenols from olive 

mill wastewater. 

The objective of this work is to determine the feasibility of using an integrated 

sedimentation and ultrafiltration process to treat the winery effluent generated in the 

second racking for the abatement of the pollution charge while recovering the 

polyphenols and polysaccharides at the same time. 

2. MATERIALS AND METHODS 

2.1. Winery Effluent 

The second racking effluent obtained from the red wine production of the Portuguese 

cultivar “Tinta Roriz”, Syrah and “Alicante Bouchet” was collected at the “Escola Agrária 

de Santarém” in Santarém, Portugal. The effluent was stored at –20 °C after collection 

until it was used, and it was used at room temperature for the experiments. 



Ultrafiltration based process for the recovery of polysaccharides and polyphenols from winery effluents 

141 
 

The effluent was analyzed for different parameters before and after treatment. These 

parameters include the pH, the conductivity, the turbidity, the total organic carbon (TOC), 

the chemical oxygen demand (COD), the total solids (TS), the total suspended solids (TSS), 

the total dissolved solids (TDS), the total polysaccharides and the total polyphenols. The 

characterization of the raw winery effluent is shown in Table 2. 

 

Table 2. Raw winery effluent characterization 

Parameter Value 

  

pH 3.6±0.2 

Conductivity (mS cm
-1

) 5.45±0.02 

Turbidity (NTU) 6925±832 

TOC (mg L
-1

) 7937±570 

COD (mg L
-1

) 27645±2270 

TS (mg L
-1

) 17767±887 

TSS (mg L
-1

) 8783±902 

TDS (mg L
-1

) 8983±1496 

Total polysaccharides (mg glucose L
-1

) 4764±82 

Total polyphenols (mg gallic acid L
-1

) 1171±59 

 

2.2. Membrane Characterization 

The ultrafiltration membrane selected was the GR95PP membrane, supplied by Alfa 

Laval, Denmark. The membrane was first compacted through the circulation of deionized 

water (with a conductivity of less than 1 μS cm-1) that was pressurized at 5 bar for 3 h. 

This compaction avoids the influence of pressure effects on the membrane structure in 

subsequent experiments. It was characterized in terms of its hydraulic permeability (L) 

and its molecular weight cut-off (MWCO). 

The membrane MWCO was determined using the permeation data obtained by 

ultrafiltration of 2000 mg L-1 solutions of neutral polyethylene glycol that had molecular 

weights of 2000, 4000 and 6000 Da (supplied by Merck). 
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The solute rejection f, was defined as: 

 

f = [(Cf- Cp/ Cf]*100 (1) 

 

where, Cf represents the solute concentration in the feed and Cp represents the solute 

concentration in the permeate. Both concentrations were determined in terms of TOC. 

These experiments were conducted at a transmembrane pressure (P) of 0.5 bar, a 

temperature of 25 °C and a feed flow rate of 9.2 L min-1. The stabilization time for each 

experimental run was 20 minutes. Between each run, membranes were washed with 

Ultrasil® 0.5% at a temperature of 50 ºC and a pH of 10.5 until the L was at least 90% of 

the initial value measured after the compaction of the membrane. 

2.3 Process Development 

The effluent was highly loaded, hence requiring pretreatment prior to UF. A 

sedimentation test was conducted at a temperature of 25 ± 2 °C. The pH was varied from 

3.6 to 8.0 and the sediment height was measured after 2 hours to establish the optimal 

pH for sedimentation. The pH was adjusted by the addition of 1 M NaOH or 1 M HCl 

solutions. Effluent sedimentation was conducted at natural pH and at the pH that was 

determined to be optimal for sedimentation for a period of 6.5 h. The clarified solutions 

were characterized in terms of TOC, TS, TSS, TDS, total polysaccharides and total 

polyphenols then concentrated by UF. After the concentration of the effluent by UF, the 

concentrate was again subjected to a sedimentation step at the optimal pH for 

sedimentation. 

2.3.1 Ultrafiltration Permeation Experiments 

All ultrafiltration experiments were conducted on a Lab-Unit M20 plate and frame 

filtration unit obtained from Alfa Laval (Denmark) with a membrane surface area of 

0.072 m², as shown in Figure 1. 
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1. Feed tank 

2. Valve 

3. Filter 

4. High pressure pump 

5. Valve for recirculation control 

6. Heat exchanger 

7. Manometers 

8. Membrane module 

9. Permeate outlet 

10. Pressure control 

Figure 1. Schematic illustration of the Lab-Unit M20 UF process. 

 

The winery effluent was treated by UF in total recirculation mode, where the permeate 

and the concentrate streams were recirculated to the feed tank to study the variation in 

the permeate fluxes and the solute rejection coefficients at two different pH values. The 

UF setup was operated at a temperature of 25 °C, with the P varying from 0.5 to 4.0 bar, 

and at three different feed circulation velocities, 0.44, 0.60 and 0.87 m s-1. The feed 

circulation velocities were calculated at 2 bar using deionized water. The initial volume of 

the feed solution for all experiments was 3 L. 

After the optimization of the UF operating parameters, three separate runs were 

conducted in concentration mode to determine the variation of the permeate flux as a 

function of the operation time and of the volumetric concentration factor (VCF) and the 

variation of the solute rejection coefficients. The VCF was defined as: 

 

VCF = [Vf/( Vf – Vp)] (2) 

 

where, Vf represents the volume of feed and Vp represents the volume of permeate. 

 

Approximately 3.5 L of effluent was first treated by sedimentation and chemically 

analyzed before each individual UF treatment was run, as shown in Table 3. 
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Table 3. Feed composition of the three UF experimental runs for concentrating the effluent 

Parameter Run 1 Run 2 Run 3  

TOC (mg L
-1

) 6475 6494 6832  

TS (mg L
-1

) 14350 13750 13170  

TSS (mg L
-1

) 8650 7600 7390  

TDS (mg L
-1

) 5700 6150 5780  

Total polysaccharides (mg glucose L
-1

) 3141 3458 2625  

Total polyphenols (mg gallic acid L
-1

) 880 1003 830  

 

2.4. Analytical Methods 

The different parameters analyzed included the TOC with a Dohrmann DC-85A carbon 

analyzer, the pH at 20 °C using a Crison 2002 pH meter, the conductivity at 25 °C using a 

Crison 525 conductivity meter, the turbidity with an LP 2000 turbidity meter (Hanna 

Instruments), COD, TS, TDS and TSS. These analyses were carried out according to the 

standard methods for the examination of water and wastewater, methods 5310B, 4500-

H, 2510B, 2130B, 5220C, 2540B, 2540C and 2540D, respectively [19]. The total 

polyphenols content was determined by a colorimetric method that used a 

spectrophotometer (UV-1700 Shimadzu) to measure the absorbance at 280 nm [20], 

while the total polysaccharides content was determined by the phenol-sulfuric acid 

method [1]. 
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3. RESULTS AND DISCUSSION 

Table 2 reports the characterization of the winery effluents and the very high values of 

the total suspended solids (TSS) and turbidity stand up as a need for a pre-treatment of 

sedimentation prior to the ultrafiltration. 

3.1 Sedimentation Optimization 

As it can be seen in Figure 2, displaying the influence of pH on the sedimentation of the 

suspended solids, the tubes corresponding to pH 4.9 and 5.4 show a better performance 

with a higher volume of clarified solution.  

 

Figure 2. Sedimentation conducted at pH values ranging from 3.6 to 8.0 at a temperature of 25 ± 2°C. 

 

In Table 4 and for the pH of 5.4 the removal rates of suspended solids and turbidity are 

84.4% and 86.6%, respectively. This table displays also the removal rates of suspended 

solids and turbidity for the natural pH of 3.6 and the values are 28.6% and 16.9% 

respectively. In association with these results the sedimentation of 3.5 L of effluent 

yielded 0.10 and 0.25 L of sediments for experiments run at pH of 3.6 and 5.4, 

respectively. 

At natural pH (pH 3.6), the sedimentation showed smaller reductions for all parameters, 

but the treatment removed the coarser solids allowing the effluent to be subjected to the 

UF system, without damaging the equipment. 
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Table 4. Effluent sedimentation at a pH of 3.6 (natural pH) and of 5.4 (optimal pH) 

  pH 3.6    pH 5.4  

Parameter Feed Clarified Removal (%)  Feed Clarified Removal (%) 

Conductivity (mS cm
-1

) 5.45 5.42 0  6.93 7.00 0 

Turbidity (NTU) 7431 6178 16.9  6337 847 86.6 

TOC (mg L
-1

) __ ___ ___  7567 4812 36.4 

COD (mg L
-1

) 29250 25792 11.8  26040 16616 36.2 

TS (mg L
-1

) 17170 13130 23.5  18590 12430 33.1 

TSS (mg L
-1

) 10300 7350 28.6  7870 1230 84.4 

TDS (mg L
-1

) 6870 5780 215.9  10710 11200 0 

Total polysaccharides 
(mg glucose L

-1
) 

4788 4069 15  4699 852 81.9 

Total polyphenols 
(mg gallic acid L

-1
) 

1158 1018 12.2  1086 295 72.8 

 

3.2 Ultrafiltration 

3.2.1 Membrane Characterization 

The pure water permeation flux (PWP) was measured at transmembrane pressures 

ranging from 0.5 to 4.0 bar. The PWP was plotted as a function of P and the membrane 

hydraulic permeability, L, was obtained as the slope of the straight line from that plot. 

The L for the membrane used in this study was determined to be 6.0 kg h-1 m-2 bar-1. 

The curve-fitting of plot log (f/(1-f)) as a function of the solute molecular weight was 

intersected by the 91% rejection line and yielded the molecular weight cut-off of 7600 Da 

to the GR95PP membrane, as shown in Figure 3. 
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Figure 3. MWCO determination for the GR95PP membrane. 

 

3.2.2 Operating Conditions 

3.2.2.1 Total recirculation mode 

The ultrafiltration of the effluent after sedimentation at a pH of 5.4 and a pH of 3.6 

yielded different permeation patterns, as shown in Figures 4 and 5, respectively. Figure 4 

displays the UF permeate flux as a function of the transmembrane pressure at feed 

circulation velocities of 0.60 and 0.87 m s-1 after the effluent had been clarified at a pH of 

5.4. At the higher tangential velocity of 0.87 m s-1, the slope of the variation of the fluxes 

versus the transmembrane pressure decreases up to 1.5 bar and then remains constant 

up to 4.0 bar. However, in all pressure range, the limiting flux was never reached. On the 

other hand, at the tangential velocity of 0.60 m s-1, the flux has a linear behavior over all 

pressure range but considerably lower than the one relative to the velocity of 0.87 ms-1. 

Figure 5 displays the UF permeate flux as a function of the transmembrane pressure at 

three feed circulation velocities after the effluent had been clarified at a pH of 3.6. 

 
Figure 4. Permeate flux as a function of P when the clarified effluent was treated with UF after 
sedimentation at a pH of 5.4 using two different feed circulation velocities, ( ) 0.60 and (▪) 0.87 m s

-1
. 
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Figure 5. Permeate flux as a function of P when the clarified effluent was treated with UF after 
sedimentation at a pH of 3.6 using three different feed circulation velocities, (X) 0.44, () 0.60 and (▪) 
0.87 m s

-1
. 

 

For all the feed circulation velocities there is a linear variation of the UF permeation 

fluxes with the transmembrane pressure. The slope of this variation is identical for the 

low feed circulation velocities of 0.6 and 0.44 m s-1 and well below the one corresponding 

to the velocity of 0.87 m s-1. In all trials, at the pressure range and velocities used, the 

limiting flux was never reached. 

The rejection coefficients to polysaccharides and to polyphenols in the ultrafiltration of 

the clarified effluents at pH 3.6 and 5.4 are shown in Table 5. The higher values relative to 

the feed solution resulting from the sedimentation at the natural pH of 3.6 can be 

attributed to the fact that the suspended solids probably are large colloids formed from 

the association of these macromolecules and have a cleaning effect of the membrane 

surface. The rejection coefficients to polysaccharides and to polyphenols are practically 

independent of the transmembrane pressure. 

 

Table 5. Variation of the polysaccharides and polyphenols rejection coefficients with the transmembrane 
pressure. Ultrafiltration of the clarified effluent at a pH 3.6 and 5.4  

 Effluent clarified at pH 3.6  Effluent clarified at pH 5.4 

Pressure 

(bar) 

Polyphenols 

Rejection (%) 

Polysaccharides 

Rejection (%) 

 Polyphenols 

Rejection (%) 

Polysaccharides 

Rejection(%) 

0.5 94.7 99.3  81.3 95.6 

1.5 93.6 99.2  66.1 92.8 

2.5 94.1 99.3  66.4 94.0 

4.0 94.6 99.3  74.9 97.1 
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3.2.2.2 Concentration mode 

The previous results show that the UF of the effluents clarified at the natural pH of 3.6 

yields higher permeation fluxes and these vary linearly with the transmembrane pressure 

up to 4 bar. Taking that into consideration the ultrafiltration in concentration mode is 

then run for these effluents clarified at the pH of 3.6 and at a transmembrane pressure of 

4 bar. 

The temperature is kept around 25 ± 2 ºC. Figure 6 presents the results of three runs 

corresponding to ultrafiltration operating times of 900, 140 and 700 minutes. The 

corresponding volumetric concentration factors (VCF) are 2.3, 1.8 and 2.0, respectively. 

 

Figure 6. Permeation flux of the post-sedimentation winery effluent over time. UF was operated at a TMP 

of 4 bar, a feed circulation velocity of 0.87 m s and a temperature of 25 ± 2°C. 

 

The initial flux decline is associated to a VCF of 1.2 for all three runs. Cassano et al. (22) 

have studied the flux decay through three UF fouling models that relate the variation of 

the permeate flux with the filtration time. Table 6 presents these models and the 

corresponding mechanisms. 

 

Table 6. Comon fouling models used in the analysis of UF fouling 

Models Equations  Fouling mechanisms 

Model I 1/J = (1/J0) + Kt (3) Cake formation 

Model II 1/J
2
 = (1/J0

2
) + Kt (4) Cake formation/membrane surface 

covered by a layer of particles 

Model III lnJ = lnJ0 – Kt (5) Pore blocking 
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The equations presented in Table 6 were used to plot the data relative to Run 1 as seen in 

Figure 7. By these results, it is possible to see that the best fitting is achieved for Model II. 

The resistance of a cake layer covering the entire surface of the membrane is then the 

best explanation for the fouling phenomenon in the treatment of the winery effluent. 

 

(a) 

(b) 

(c) 

Figure 7. Fouling models applied to the investigated UF membrane according to Equations (3), (4) and (5). 

(a) Model I; (b) Model II; (c) Model III. 
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In all the three runs, in concentration mode, the polysaccharides and the polyphenols 

rejection coefficients are practically constant, 99.5 ± 0.2% and 95.7 ± 1.2%, respectively. 

Due to the increase of polyphenols and polysaccharides content in the concentrate and 

having in view their recovery a new sedimentation operation is investigated. 

3.3 Sedimentation of the UF Concentrate 

One liter of UF concentrate was subjected to sedimentation at a pH of 5.4 for 4 h at room 

temperature, 25 ± 2 ºC. After sedimentation, 0.9 L of clarified liquid and 0.1 L of 

sediments were obtained. Table 7 shows that there was a high concentration of 

polyphenols and polysaccharides, 7.0 and 23.9 g L-1 remaining in the sediments of the 

ultrafiltration concentrate, which represent a sixfold and a fivefold increase in their 

concentrations, respectively, in comparison with their concentrations in the raw effluent 

(Table 2). 

 

Table 7. Sedimentation of the UF concentrate 

Parameter Feed Clarified Sediments 

TOC (mg L
-1

) 9655 5188 26442 

Total polysaccharides (mg glucose L
-1

) 7214 750 23892 

Total polyphenols (mg gallic acid L
-1

) 2029 538 7014 

4. CONCLUSIONS 

It can be concluded from the present study that the optimal pH for sedimentation is a pH 

of 5.4. However, the UF of the effluent that was clarified at a pH of 3.6 yielded higher 

permeation fluxes than the UF of the effluent that was clarified at a pH of 5.4. 

The ultrafiltration data when the UF system was operated in total recirculation mode for 

the effluent clarified at a pH of 3.6 show the following: the UF permeation fluxes increase 

linearly with the transmembrane pressure over a pressure range of 0.5 – 4.0 bar; the 

slopes of the linear variation J versus P increase as the feed circulation velocity increases; 

the rejection coefficients to polyphenols and polysaccharides are independent of the 

transmembrane pressure and equal to 94.3 ± 0.5% and 99.3 ± 0.1%, respectively. 
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Runs in concentration mode display a strong time dependence of the permeate fluxes, 

presenting great decline of the initial fluxes. However, when the flux is analyzed as a 

function of the VCF, it can be observed that the permeate flux declines significantly up to 

a VCF of 1.2 and remains approximately constant thereafter. The rejection coefficients for 

the polyphenols and the polysaccharides are independent of VCF, with rejection values 

remaining consistently at 95.7 ± 1.2% and 99.5 ± 0.2%, respectively. The TOC rejection 

coefficients experience a slight increase with an increase in the VCF, ranging from 47 to 

65% in this work. 

The results obtained in this work show that the sedimentation and ultrafiltration 

treatment of winery effluent is an alternative for these industries, given that there was a 

56.6% reduction in the TOC of the permeate stream and that the polyphenols and the 

polysaccharides could be concentrated in the sediments by six fold and five fold, 

respectively. 

A process was developed to treat winery effluent while recovering polyphenols and 

polysaccharides at the same time, as shown in Figure 8. 

 
Figure 8. Development of a process to treat winery effluents and recover polyphenols and polysaccharides. 
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ABSTRACT 

The winemaking process involves the generation of a significant amount of waste and 

wastewater. These residues should be addressed for recycling or treatment before being 

returned to environment. As each winery is unique in waste generation and disposal, 

plans for environmentally friendly waste management are not universal and should be 

tested for their effectiveness. In this study, a diagnostic was made during three years, in 

different wineries, throughout Portugal, in order to quantify and characterise the waste 

and the wastewater produced. The results showed that solid waste and wastewater are 

mainly produced during the harvest period, corresponding to 74% and 87%, respectively. 

One ton of processed grape approximately produce 0.13 ton marc, 0.06 ton lees and 0.03 

ton of stalks. No significant differences (P ≤ 0.05) were observed for grape marc and lees 

ratios, between years or wineries. With respect to the stalk ratio, there was no effect of 

year but the winery significantly affected this ratio (P ≤ 0.05). During the study period no 

sludge was removed from the winery wastewater treatment system (Air Micro-Bubble 

Bioreactor) and the treated wastewater revealed physicochemically characteristics to be 

used in the irrigation systems, as an economic additional water supply. In this regard, the 

data acquisition and consolidation ensure the transfer of information and experience 

which constitute an essential step in a support decision tool design. 
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1. INTRODUCTION 

Wine is an integral part of Portuguese cultural heritage and economy, being the wine 

sector considered one of the most dynamic within the Portuguese agricultural exports. 

Environmentally and economically sustainable winery waste management should be a 

priority for the industry worldwide [1-4].The wine sector, like others, needs to minimize 

its environmental impact, using technologies adapted to environmental constraints, 

allowing the reduction of water consumption, the recovery of by-products and the 

reduction of waste as foreseen in ISO 14000. The ISO 14000 stands for a series of 

standards including ISO 14001 that addresses various aspects of environmental 

management and pollution prevention, it provides fundamental principles for the 

implementation of Environmental Management System, reducing the environmental risks 

and remains accessible to all companies [1, 2]. The application of best available 

techniques and best environmental practice are also fostered by the IPPC Directive 

2008/1/EC as it ensures a high level of protection for the environment as a whole, which 

balances the costs to the operator against the benefits to the environment. Furthermore, 

it is also essential to implement efficient wastewater treatment systems, which should be 

adapted to the wineries specificities, particularly with regard to its size and skilled labor 

[5]. 

In the winemaking process, two different periods are usually considered: harvest and 

post-harvest. The amount of solid waste and wastewater is considerably higher during 

the harvest than the post-harvest [6-8]. The waste is produced during destemming, 

pressing and settling, and the wastewater mainly results from various washing 

operations. The solid waste includes stems or stalks, grape marcs that contains pressed 

skins and seeds, lees related to dead yeast cells and sediments, and filtration earths. This 

waste can be recovered to produce compounds with adding value. Grape marc and lees 

represent a rich source of high-value by-products such as ethanol, tartrates and malates, 

citric acid, flavanol, tannin [9].  

Currently, there are several developments regarding winery waste valorisation that 

should be taken into account to select the best available technique for the winery waste 

recovery and recycling. The polyphenols can be extracted for use as food additive, with a 

high antioxidant activity [9, 10] and anti-inflammatory properties. The grape marc can be 
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distilled to recover ethanol and tartaric acid [11] but the use of this waste for the 

extraction of antioxidant flavanols, used as a nutritional supplement, may provide an 

important economic advantage [12-14]. Also, mixtures of dehydrated waste grape skins 

showed to be an innovative way to improve the colour and polyphenol profile of red 

wines [15]. Composting or co-composting of the winery waste is an alternative procedure 

to traditional waste disposal [16]. Also, oil extraction from seeds, biosurfactants and 

proteins production has been proposed [17-19]. 

Concerning wastewater treatment systems, most of plants have been designed with large 

oxidation tanks and oversizing the aeration system to deal with the peak load, during the 

harvest period. As a result, wastewater treatment plants are quite large and difficult to 

manage. Moreover, the high organic load of these wastewaters may promote the 

excessive biomass growth, which requires an increase in the air supply [20] and creates 

problems of sludge generation and disposal. The sludge overproduction is a major 

constraint of aerobic treatments [21]. The adoption of management strategies based on 

sludge reduction may be the key for the success of the winery wastewater treatment 

plans but is still in early development [20, 22].  

The major driving forces for reuse the treated wastewater for irrigation is the demand for 

new water resources with the lowest cost. It requires special attention in regions 

characterised by a severe water imbalance, such as Mediterranean countries [23]. 

Wastewater is considered a renewable supply of water allowing fertilizer and energy cost 

savings arising from supplying plant nutrients inexpensively, mitigating water scarcity, 

saving disposal costs, reducing pumping energy cost and thus minimizing carbon 

emissions to the environment. However, there are negatives health and environmental 

risks that should be addressed, such as excess of nutrients, pathogens, saline salts, heavy 

metals and other emergent contaminants [24]. The legal status of wastewater reuse is 

not unique across Europe. Although there is no standard in the European Union, a 

number of member states have published their own guidelines and developed distinct 

approaches for the protection of public health and the environment. Several countries 

(Cyprus, Italy, Israel) have established conservatively low risk guidelines closed to Title 22 

California’s Water Recycling Criteria, on the other hand, France, Tunisia and some regions 

of Spain, where wastewater irrigation is practiced, advocate a strategy of controlling 
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health risks by adopting a low technology/low-cost treatment, in agreement with the 

World Human Organization (WHO) guidelines. The quality of reused water for irrigation is 

recognized as essential but the selected parameters and the allowable limits may be 

highly variable [22]. In Portugal beyond the microbiological parameters, mandatory 

standards are also implemented since 1998. The large gap concerns the limiting value for 

organic matter that is already provided in other countries such as Germany, Cyprus, 

Tunisia, and some regions of Spain. Also, the potential phytotoxicity associated with this 

type of wastewater [8] and the edapho-climatic conditions of the vitiviniculture region 

should be addressed in order to create/ adapt guidelines that are in compliance with the 

local legal requirements. 

The sustainable development of landscape, irrigated agriculture and wine industry should 

be jointly evaluated for the establishment of guidelines, which are an important step in 

the planning and implementation of the safe use of winery wastes. The main goal of this 

work was to evaluate the solid waste production and wastewater quality in selected 

Portuguese wineries, with different dimensions, in order to obtain real and consolidated 

data. These results could be useful as a tool for the development of a dedicated decision 

support system. 

2. MATERIALS AND METHODS 

The diagnosis process was carried out during three years, from three wineries of different 

sizes and characteristics and located in different Regions of Portugal. The Casa Agrícola 

Quinta da Casaboa (CB), located at Runa, Lisboa Region (39º06’N, 9º20’W), producing 

only red wines, has a small/medium dimension with a production capacity of 100,000 L. 

The Catapereiro (CT), located at Alcochete, Tejo Region (38º81’N, 8º88’W), produces 

both white and red wines and has a medium dimension with a production capacity of 

1 000,000 L of wine. The Herdade da Mingorra (HM), located at Beja, Alentejo Region 

(37º89’N, 7º89’W), has a medium dimension with a production capacity of 1 000,000 L of 

wine, also producing both red and white wines. The existing winemaking practices were 

followed in each winery, such as periods of operation, washing procedures and 

registration of water consumption.  
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In all wineries, except one, the harvesting was carried out mechanically. During vintage, 

the grape stalks were collected in pre-weighed containers with a capacity of one cubic 

meter, after destemming. Following alcoholic fermentation, the juice was pressed and 

grape marcs were obtained. This waste was then transferred to a trailer and taken to the 

distillery. The lees were assessed after racking operations and were removed from tanks 

to containers with a capacity of one cubic meter. The solid wastes were evaluated by 

weighting. The experimental data were submitted to analysis of variance (ANOVA) to 

evaluate the effects of year and winery on grape production and on the different solid 

wastes. 

The wastewater flows were daily recorded from water consumption by installing general 

water counters. Composite samples of wastewater were collected during the different 

phases of operation and maintained at 4ºC until all were analysed. A set of major key 

parameters were analysed according to Standard Methods [25], in order to assess the 

winery wastewater quality: pH, conductivity, chemical oxygen demand (COD), 

biochemical oxygen deman (BOD), total suspended solids (TSS), volatile suspended solids 

(VSS), Na, K, Mg, Ca. The phenol compounds were determined using Folin index [7]. In 

each winery the wastewater treatment system is based on an Air Micro-Bubble 

Bioreactors (AMBB), equipped with a circulated pump, a high efficiency Venturi injector 

and a mass transfer multiplier nozzles as previously described [8].  

Costs associated with waste production in the Portuguese winery industry, namely fines 

and discharge fees, were assessed according to a survey to local producers and waste 

management companies, in addition to those required by the Portuguese Law DL nº. 

97/2008. 

3. RESULTS AND DISCUSSION 

3.1. Solid Waste Quantification 

The vintage, racking, tartaric stabilization and bottling were followed during a 3-year 

period, in order to evaluate the solid waste produced throughout the wine process 

(Table 1). 
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All the wineries only labor its own production, so the quantity of processed grapes is only 

dependent on the vineyards productivity. The obtained results reveal no significant effect 

of the year on the production yield (P ≤ 0.05), when all wineries were considered 

(Table 2). Conversely, the effect of the winery on production was significantly different (P 

≤ 0.01), as expected. Regarding waste production no significant differences (P ≤ 0.05) 

were observed for grape marc and lees ratios, between years or wineries. These results 

suggest that the waste generation per ton of processed grape is not dependent on the 

winery dimension, for similar winemaking practices. With respect to the stalk ratio, there 

was no effect of year but the winery significantly affects this ratio (P ≤ 0.05). These 

differences are related to manual harvesting which was carried out in a plot of one 

vineyard, bringing more stalks during vintage. In the present wineries one ton of grapes, 

approximately produced 0.13 ton marc, 0.06 ton lees and 0.03 ton of stalks, these results 

are in accordance to other authors that reported that one ton of grape generates about 

0.12 ton marc, 0.03 ton of stalks and 0.05 ton lees [26, 27]. 

Table 1: Solid waste production during three year, in three different Portuguese wineries 
 

 

 

 

Year Winery 
Production 

(ton grape) 

Ratio         

(ton marc/ 

ton grape) 

Ratio         

(ton lees/ 

ton grape) 

Ratio             

(ton stalk/ 

ton grape) 

Ratio       

(total ton/ 

ton grape) 

1 CB1 50 0.18 0.05 0.04 0.28 

2 CB2 100 0.12 0.04 0.04 0.20 

3 CB3 78 0.17 0,06 0.04 0.27 

       

1 HM1 780 0.13 0.04 0.03 0.20 

2 HM2 1093 0.13 0.06 0.03 0.22 

3 HM3 924 0.12 0.05 0.03 0.20 

       

1 CT1 559 0.10 0.10 0.03 0.23 

2 CT2 1012 0.09 0.06 0.02 0.17 

3 CT3 496 0.12 - 0.03 - 
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From this study, about 74% of solid waste was generated during the harvest period, with 

the major contribution of grape marcs (60%). Concerning the wine lees, generated during 

post-harvest period, they account for 25% of the total solid waste (Figure 1). Similar 

results have been reported by other authors [27, 28], indicating that solid waste amount 

will be difficult to reduce. The knowledge of the waste generated during the wine process 

is essential to establish strategies that can be applied in the wine sector in order to 

recycle or segregate the flows, before valorisation or final disposal [16, 18, 29], in 

accordance with the Council Directive 2006/12/EC. 

Table 2. Mean squares (MS) and F values from the analyses of variance from the effects of year 
and winery on production, and ratios marc, stalk, lees and total waste per grape 

Parameter Source df MS F value  

      

Production year 2 6.54 x 10
4
 3.34 n.s. 

 winery 2 5.84 x 10
5
 29.9 ** 

 Error 4 1.95 x 10
4
   

      

marc/grape year 2 4.98 x 10
-4

 1.39 n.s. 

 winery 2 2.26 x 10
-3

 6.33 n.s. 

 Error 4 3.57 x 10
-4

   

      

stalk/grape year 2 4.77 x 10
-5

 2.66 n.s. 

 winery 2 1.58 x 10
-4

 8.85 * 

 Error 4 1,.78 x 10
-5

   

      

lees/grape year 2 1.15 x 10
-4

 0.45 n.s. 

 winery 2 9.25 x 10
-4

 3.60 n.s. 

 Error 4 2.57 x 10
-4

   

      

total waste/grape year 2 1.73 x 10
-3

 0.84 n.s. 

 winery 2 4.02 x 10
-3

 1.96 n.s. 

 Error 4 2.05 x 10
-3

   

F values: ** = significant at the P ≤ 0.01 level; * = significant at the P ≤ 0.05; and ns = not 

significant at the P ≤ 0.05 level. 



Integrated approach to winery waste - waste generation and data consolidation 

165 

 

In Portugal, as in other European countries, grape marc and lees must be sent to 

distilleries to recover alcohol and tartaric acid, according to Council Regulation (EC) no. 

479/2008. Although 85% of the solid waste generated throughout the winemaking 

process is addressed by this regulation, there are still other wastes that should be 

recycled and valorised, such as stalks and sludge from biological wastewater treatment 

plant. The composting of these residues, in addition to exhausted grape marcs, 

represents an alternative to final disposal, allowing them to be reintroduced into the soil, 

thus contributing for nutrient recycling and enhancing soil fertility [17]. Also, co-

composting, which involves the combination of different organic wastes to adjust the 

variables and correct operational values, could include additional benefits to the 

composting process [29-32]. 

 

Figure 1. Solid waste produced during wine process, expressed as percentage by weight. 

For waste recycling and valorisation the wineries should select an environmental friendly 

and cost-effective technology, but waste disposal could be also a solution. However, the 

selection of that technology is mostly based on the disposal fee imposed by the 

authorities or waste management companies. Nevertheless, some small wine-producers 

do not obey the laws in force, making illegal waste discharge to water body, sewage or 

uncontrolled deposition, for which fines can reach 60,000 € (Table 3). 

Grape marc and lees are considered by-products with added value and wineries can 

benefit if they are sent to the distilleries, as above referred. This benefit varies between 

20 and 35 € per tonne, depending on the alcohol contents, without transportation costs. 

Alternatively, wineries may send these wastes for composting but it will result in a cost. 
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Table 3. Costs and benefits associated with waste production in Portuguese wine industry 

 

Discharge fees 
/fine 

Cost/Benefit  
(-/+) 

Grape marc distillation to recover ethanol (1) 
 
20€/tonne 

 
+ 

   

Landfilling (2) 
 

58€/tonne - 

Composting (2) 25-30€/tonne - 

   

Lees distillation to recover ethanol (1) 25-30€/tonne + 

   

Unauthorized discharge of grape marc to a water body 30,000-60,000€ - 

   

Unauthorized discharge of grape marc to a sewage (3) 25,000-45,000€ - 

   

Wastewater discharge to a municipal treatment plant (4) - 

   

Wastewater discharge to a water body (5) - 

   

Water intake fees (6)  

   

(1) Benefit depending on alcohol quantity  

(2) Adding the collection and transportation costs (1.2 €/Km and 92 €/month for open top container) 

(3) The cost is dependent on the environmental risk, established by local authorities 

(4) The cost is dependent on the organic load, nutrients, surfactants, heavy metals, hydrocarbons and pesticides, 
locally established 

(5) The cost is dependent on the organic and nutrients loads, required by law, DL nº97/2008 

(6) The cost is related to the end use, the amount of intake water and water scarcity, DL nº97/2008 

 

In the present study, one of the selected wineries recovers and recycles all the solid 

waste, not only fulfilling its obligation to deliver the grape marc and lees to distilleries, 

but also carrying out co-composting of green waste and grape stalks. This procedure also 

presents a way to reduce the costs of waste disposal. Even considering the ex-situ 

composting, the costs are higher than the in-situ composting, especially due to the waste 

collection and transportation (Table 3).  

Although sludge originated by wastewater treatment systems can be composted [17], in 

the present study it was not removed from the system AMBB. During the study period no 

sludge was removed from the AMBB treatment systems, probably due to seasonal 

characteristics that allows high hydraulic retention time associated with a high sludge 

age, during post-harvest. At the same time, a microbial growth condition of feast/famine 

may be achieved, reaching a natural balance between biomass growth and decay 

[20, 33, 34]. Though, when a different wastewater treatment system is implemented, a 
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significant amount of sludge could be produced and alternatives strategies should be 

considered. The excess of sludge can be incorporated in the soil after stabilization in the 

biowaste matrix for co-composting in situ [17, 35], or can be sent to a landfill or a 

composting facility, by paying the fees and costs associated (Table 3). Many solutions 

could be considered when selecting the best valorisation method, depending on several 

parameters, such as dimension, available land, investment cost and local legal 

requirements. Thus, a waste management strategy should be always assumed, since it 

represents an important source of natural high-value products and nutrients, closing the 

cycle of residues-resources and enabling the sustainable development of the wine sector. 

3.2. Wastewater Characterisation and Reuse 

During the studying period, the pollutant charge of the winery wastewater was 

evaluated, in the different operations periods. The values of pH ranged from 4 to 8, being 

this variation mostly dependent on the labor period. The electric conductivity of the 

wastewater showed no relevant variation in the different sampling periods and the range 

of registered values is not considered as inhibiting biomass growth. The highest values of 

COD were reached during the vintage period, followed by the first racking. These results 

corroborate data previously reported [6-8, 36]. As expected, the highest value (79%) of 

biodegradability (BOD5/COD) was achieved during the vintage period, due to the high 

concentration of simple molecules, easily metabolized (sugars and ethanol) by 

microorganisms [6, 8]. 

In order to evaluate the wastewater suitability to be used in crop irrigation, the AMBB 

treated wastewater was also physicochemically characterised (Table 4). The obtained 

results were compared to those of international guidelines and reuse standards applied 

by European countries, including Portugal. Most guidelines focus on microbiological 

parameters, describing specific fecal contamination, with the aim of controlling health 

risks, but the monitoring procedure showed no pathogen contamination. Actually, these 

industries have two separate wastewater treatment systems, in order to segregate the 

domestic wastewater. Since the wastewater from cleaning operations does not contain 

pathogenic microorganisms, this separation reduces the costs of wastewater treatment 

and monitoring, associated with the disinfection step. 
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Table 4. Physicochemical characterisation of the AMBB treated wastewater  

  
CB 

 
HM 

 
CT 

Parameter Average Standard 
deviation 

Average Standard 
deviation 

Average Standard 
deviation 

pH 8.0 0.5 7.1 103 7.6 0.3 

Conductivity ( S cm
-1

) 920 120 2310 200 965 65 

COD (mg L
-1

) 140 70 430 175 345 230 

BOD (mg L
-1

) 20 8 50 14 26 10 

TSS (mg L
-1

) 30 20 262 125 113 80 

SAR 27 6 13 2 18 5 

Cl2 (mg L
-1

) 0 - 0 - 0 - 

Fecal coli / 100 mL <1 - <1 - <1 - 

 

Most analyzed parameters were in agreement with guidelines for irrigation use (Table 5). 

Of particular concern was the sodium adsorption ratio (SAR), which was higher than the 

permitted parametric value. Moreover, it is recommended that SAR should be below 6, in 

order to prevent adverse soil structural changes [37]. To reduce SAR, some strategies 

should be applied in the winery [38, 39]. Alternative cleaning agents based on potassium 

hydroxide and magnesium hydroxide, although more expensive, have been found to be 

effective on tartrate removal. In addition, re-using the wash water to exhaustion, where 

it ceases to be effective as a bitartrate dissolving agent, could be very useful in preventing 

contamination. Regarding the conductivity, the highest value for this parameter was 

registered at the HM winery (Table 4). However, it was found that the process water 

already had a high conductivity, hence affecting the final value of this parameter. To 

diminish the water conductivity, it is advisable to replace disinfectants and cleaning 

agents by ozone. It is utmost probable that the ozone treatment will allow the decrease 

of both conductivity and wastewater COD, thus contributing to attain the compliance of 

the legal limits for beneficial crop irrigation. The reduction of COD can also be achieved 

by screening out solids larger than 0.5-1.0 mm with basket screens and by reducing the 

contact period between solids and wastewater. The change of citric acid by phosphoric 

acid is also an advantage [40].  



 

 

 

Table 5. Legal requirement parameters to reuse treated wastewater in crop irrigation 

Parameter 

 

EPA Guidelines 

 

 

 

WHO Guidelines 

 

 

 

 

European Union 

Regulations / Recommendations 

California 

Title 22 

 

 

Portugal 

DL 236/98 

France 

CSHPF 1991 

[40] 

Spain 

AEAAS, 2005  

[41] 

Greece 

 

[42] 

Germany 

 

[23] 

Turkey 

 

[23] 

Cyprus 

K.D.269/2005 

pH - 6.0 – 9.0 6.5-8.0 4.5 – 9.0 - - - 6.0-9.0 6.5-8.5 - 

BOD (mg L
-1

) - 30  <500 - 100-400 - - 20 25-50 10 

TSS (mg L
-1

) - 30 <50 60 150-500 20-35 20-35 30 30 10 

SAR - - 3-12 8 - - - - 10-18 - 

Fecal coliforme / 100 mL 2.2-23 200 <1000 <100 <1000 200-1000 100-1000 100 2-20 <15 

Helmith egg <2 - <1 <1 <1 <1 - - - - 
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Although in Portugal there is no legislation concerning the maximum limit for BOD5 

concentration allowed for wastewater irrigation, this parameter is very important to 

prevent changes in soil properties [37, 39] and is already provided in many other 

countries. According to the WHO recommendations for wastewater reuse (Table 5), the 

amount of organic matter to be applied in irrigation should not exceed 500 mgL-1, 

expressed as BOD5. The obtained results do not exceed this value, but might reach the 

allowable limit expressed in EPA and Germany guidelines [40-42]. Nevertheless, as the 

quantity of wastewater available will account for only a small fraction of the total 

irrigation water requirements, with a ratio of 1 to 10, the treated wastewater is usually 

used in irrigation systems to supplement the irrigation water, as an economic additional 

water supply. Moreover, according to Water Framework Directive 2000/60/EC, the intake 

water and wastewater discharges to public water bodies are taxed with a fee, which is 

used to support environmental protection and control. The basic price per cubic meter of 

intake water is 0.003€, which is increased by a factor of 1.1-1.2 depending on water 

scarcity. The wastewater discharge fees are related to nutrients (N, P) and organic load 

contents. The price per kilogram of oxidise matter, nitrogen and phosphorus are 0.30€, 

0.13€ and 0.16€, respectively. As a consequence of those fees, the treated wastewater is 

usually integrated in irrigation systems with cost savings, such as intake water and 

wastewater discharge costs and simultaneously supplying inexpensive nutrients, reducing 

pumping energy cost and mitigating water scarcity. However, the wastewater, as a 

resource, must be carefully managed to protect the environment. 

Previous assays carried out with Lepidium sativum were developed for evaluating the 

possible synergistic and deleterious effects of various water contaminants on cress 

germination and seedling growth [8]. As the cress bioassay is a standard procedure to 

evaluate the behavior of crops to water contaminants, results evidenced the suitability of 

treated wastewater in relation to crop irrigation, thus minimizing water consumption. By 

the implementation of a careful planning and management, it is possible to use the 

treated winery wastewater for irrigation with benefits to the environment, contributing 

to recycle nutrients and to save water, without risks to public health. 
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4. CONCLUSIONS 

The characteristics of solid waste and wastewater depend on the operation period, being 

the highest amount and concentration of pollutants originated during harvest. Although 

each winery is unique in what concerns its size, production process and management 

strategies, the results showed that similar ratios of produced wastes per ton of processed 

grapes were obtained, regardless of winery.  

The fines and fees related to illegal discharges and waste disposal have been the driving 

forces for waste recycling. Grape marc and are mandatorily recycled, but the 

management of the remaining solid waste has been mainly dependent on the lower cost 

alternative. 

Although some strategies could be settled during the wine production to reduce 

wastewater flow and to improve wastewater quality, the effectiveness of the AMBB 

treatment was evidenced by the low sludge production and by the suitability of the 

treated wastewater to be used in irrigation, thus minimizing water consumption. As far as 

we know, this is the first time that results from a full scale AMBB system are reported. 

Overall, the results intend to assist in the development of a strategic plan for waste 

management, thus allowing the compliance of environmental regulations and closing the 

cycle of residues-resources, taking a holistic view on sustainable development of the wine 

industry. 
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DISCUSSION 

This study covered the generation, treatment and end-use of winery wastewater, based 

on specific case-studies focusing small and medium-sized wineries and adopting as 

treatment technology the Air Micro-Bubble Reactor (AMBB). A proper diagnosis of the 

winemaking process was conducted to attain consolidated monitoring data to understand 

volumes, characteristics and sources of wastewater and residues and how to manage 

them properly.  

The winery industry has not a reputation of “dirty” industry; however the polluting loads 

generated especially during vintage and racking periods are very high. In addition, these 

effluents are usually characterised by low pH, salinity and nutrient levels which indicate 

that they are a potential threat to the environment (Mosse et al., 2011), if discharged or 

disposed without appropriate treatment. Also, the large volumes of water consumed 

(and wastewater produced) throughout the winemaking operations indicate that water 

recycling is a priority. Consequently, the measures employed to minimise the 

environmental impacts of the winery industry, through technologies adapted to 

environmental constraints, with the aim of reduce both water consumption and waste 

and recover byproducts are crucial as specified in ISO 14000 (Boudouropoulos and 

Arvanitoyannis, 1999, 2000). 

Also the application of best available techniques (BAT) and best environmental practices 

(BEPS), fostered by the IPPC Directive 2008/1/EC, are of great relevance to ensure a high 

level of environmental protection as a whole and to balance costs and benefits to 

operators and environment (Andreottola et al., 2009; Lofrano et al., 2009).  

 

 Wastewater Quantification and Characterisation 

To select and implement any treatment system, a thorough knowledge about the 

volumes and timing of different wastewater streams, along with their physicochemical 

characteristics and sources responsible for generating different effluents are important 

steps in decision making. 

Among and within wineries the wastewater flow rate is highly variable ranging from 0.3 

to a maximum of 14 L per litre of wine produced (Moletta, 2005; Van Schoor, 2005). In 
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the present study, small (CB) and medium-sized (CT) wineries were monitored for the 

water consumption and for both wineries a rate of 2.35 ± 0.50 and 2.05 ± 0.15 L per litre 

of wine was recorded, respectively. These values are in agreement with the range most 

frequently reported by other authors, 2-3 L per litre of wine (Bolzonella and Rosso, 2009). 

Usually, the variation of this ratio is related to the amount of grapes processed, and 

different models have been proposed to predict the wastewater generated as a function 

of grape crashed or wine produced. For example, Aybar et al. (2007) correlated 

wastewater generated (V) and grape produced by the equation V=226 P-0.315, where P is 

the grape production, whereas Sheridan et al. (2005) proposed the equation A=4037.5 

T0.9243 to estimate the water consumption (A), based on ton of processed grape (T). 

Nevertheless, when these equations were applied to the Portuguese case-studies an 

overestimation of the wastewater produced was found. Also, it was found that in small-

sized wineries, years of lower production affected negatively the water ratio 

consumption. This could be explained by some specific washing operations which are 

strongly dependent on the size of the tanks, e.g. fermentation vessels, storage tanks and 

maturation tanks (Vlyssides et al., 2005), i.e. regardless of the amount of grapes 

produced, the tanks and machinery have a fixed volume or size and consume the same 

amount of washing water. 

Regarding the wastewater distribution throughout the year, our data revealed that most 

of the wastewater (69%-86%) was produced during vintage and 1st racking periods which 

last about a month. Also in Italy, 78% of the global wastewater produced was generated 

during these winemaking periods (APAT, 2007; Lofrano et al., 2009). These findings 

highlight that the treatment system should be flexible, capable to face fluctuations of 

volumes and loads, allowing adequate removal yields during the peak season. Also, it 

should be able to remain in operation during the remaining periods. Furthermore, the 

results indicate the need to conduct an environmental diagnosis for each case study, to 

minimise errors in the proposal and design of the treatment system 

As referred above, a proper evaluation of the physicochemical characteristics of 

wastewater is essential for planning and sizing the treatment system. Although the 

winery wastewater is considered as a biodegradable industrial wastewater, it has 

characteristics that hinder the effectiveness of the treatment, such as seasonal 



Discussion 

181 

 

production, the variation in the volume and organic load throughout the year, which 

usually range from 1.0 to 25 g COD L-1, depending on the labour period (Petruccioli et al., 

2002; Artiga et al., 2005; Lofrano et al., 2009; Lucas et al., 2009). On average, in the 

present work (Chapter 3) the higher organic loads were originated during the vintage, 

followed by the first racking period. However, high levels of COD were also recorded 

during the 2nd racking period (50 g COD L-1), probably as a result of improper removal of 

tartrate precipitates. Nevertheless, these results were in accordance to those obtained by 

other authors (Petruccioli et al., 2002; Andreottola et al., 2005). In addition, a flow 

generated from the electrodialysis process (tartaric stabilization of wine), was also 

evaluated. This flow can be broken down into ethanol (70-80% of the COD), tartaric acid 

(6-8% of the COD) and secondary compounds, such as malic and lactic acid. The organic 

matter content of this flow, measured as COD, showed similar values to those reported 

by Bories et al. (2011), and revealed a similar load content of wastewater produced 

during other winemaking periods, namely vintage and rackings (Oliveira et al., 2009). As 

far as we could ascertain, there are no further references in the literature focusing this 

subject, beyond the study of Bories et al. (2011). 

Winery wastewaters are usually characterised by acidic characteristics, but in the present 

study pH ranged from 4 to 8, being this variation mostly dependent on the labour period. 

For example, the lowest pH values were detected for wastewater generated from the 

electrodialysis process, since in this process the pH needs to be maintained in the vicinity 

to that of wine. Similar results were also reported by Boris et al. (2011).  

The electric conductivity of the wastewater showed no relevant variation in the different 

sampling periods and the range of registered values was not considered as inhibiting 

biomass growth. However, during electrodialysis process the wastewater showed a very 

high conductivity, as compared to other operation periods (Petruccioli et al., 2002; 

Duarte et al., 2004; Oliveira et al., 2009), which is related to the process that uses a 

concentrate flow. 

In what concerns the biodegradability ratio (BOD5/COD) of wastewater, no significant 

effect of the sampling year was found (P≤0.05), when all working periods were 

considered. However, the biodegradability of wastewater was significantly affected by 

the different working periods (P≤0.05). The results showed that BOD5/COD ratio was 
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significantly higher for wastewater generated during the vintage than for other periods. 

The higher biodegradability of this wastewater is due to the high concentration of simple 

molecules (sugars and ethanol), which are easily metabolised by microorganisms 

(Duarte et al., 2004). These findings are corroborated by other authors, who also found a 

greater biodegradability (BOD5/COD 0.52-0.93) for wastewater generated during the 

vintage period (Fernández et al., 2007). However, similar biodegradability ratios have also 

been reported for other winemaking stages (Artiga et al., 2007; Fernández et al., 2007). 

Concerning nutrient levels, conventional winery wastewater flows are characterised by a 

lack of sufficient amount of nutrients (Petruccioli et al., 2002; Eusébio et al., 2004; 

Oliveira et al., 2009). Nevertheless, the wastewater generated during the electrodialysis 

process revealed a high nitrate content, mainly due to the pH control and maintenance of 

the membrane in a solution of nitric acid, thus resulting in an imbalance of BOD: N: P 

(100:20:3.5 ) ratio. 

Respirometric assays, carried out to better understand the biodegradability of the 

wastewater produced by different sources, were based on BOD data. A simple first order 

kinetic equation was found to fit well all experimental data, revealing simulated and 

experimental values highly correlated (r2>0.982). Although there were differences 

concerning the ultimate BOD, in all periods, no significant effects (P≤0.05) were observed 

for the sampling year on the biodegradability rate constant. Nevertheless, the working 

period significantly affected the kinetic parameters. 

Overall, the physicochemical characteristics of the winery wastewater, combined with 

respirometric assays, showed the appropriateness of biologically-based technologies for 

wastewater treatment, without need of flow separation. Moreover, the nutrient 

imbalance detected in the electrodialysis flow appeared as advantageous, if combined 

with other flows, since a little amount of nitrogen can contribute to the improvement of 

the treatment system by increasing microbial growth.  

 

 Design, Construction and Assessment of the Treatment System (AMBB) 

Several winery wastewater treatments are available, but the development of alternative 

technologies is essential to increase their efficiency and to decrease the investment and 
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exploration costs. Among the most promising treatment systems appear the vertical 

aerobic reactors which are characterised by good oxygen transfer and high biological 

conversion capacity, along with smaller areas required for construction 

(Petruccioli et al., 2000; Xu et al., 2010). To optimise the mass transfer a highly efficient 

Venturi injector coupled with multiplier nozzles (AirJection®) was used to increase the 

oxygen transfer rate. This is achieved as a result of the large number of small bubbles 

produced, which provides a high rate of mixing in the activated sludge tank, and allows 

the system to operate with an alpha factor (ratio of process water to clean water mass 

transfer coefficients; or KLapw/KLacw) near 1 (Meyer et al., 2004; Tanzi and Mazzey, 2009).  

The design, construction and assessment of an innovative vertical reactor, combined with 

injector aeration and mixing nozzles, the Air Micro-Bubble Bioreactor (AMBB), were the 

aim of Chapter 4. The bioreactor AMBB was evaluated both in batch and continuous 

conditions, based on removal efficiencies of COD and polyphenol compounds, covering 

the different phases of the winemaking process. The reactor was inoculated with 

acclimated biomass and maintained under aerobic/anoxic conditions. The evolution of 

COD concentration, biomass and polyphenolic compounds was followed, during the 

different periods and no significant differences were obtained between batches. 

Regarding the biomass evolution, a typical growth curve for batch cultivation was 

achieved. This curve did not show a lag phase, since biomass was already adapted to the 

growth medium. The concentration of the organic matter ranged between 

4.0-8.0 g COD L-1, the aeration time rate (ATR) was 20 min h-1 and the efficiency of the 

batch treatment was about 90.0±4.3%, after 6 days of operation, the period where 

biomass growth increased exponentially. The maximum removal efficiency (98.6±0.4%) 

was achieved after 15 days of treatment. Concerning polyphenolic contents 

(4.5-10 mg L-1) the removal efficiency was about 80.4±9.3% after 6 days of treatment, 

whereas after 15 days the removal was 94.2±3.7%. These results are comparable with 

those reported by Beltran de Herédia et al. (2005), which achieved 75% of COD removal 

compared to 50% for polyphenols, after 3 days of treatment. Although in the present 

work the COD reduction was lower, after an equivalent treatment period, the efficiency 

of polyphenolic compounds removal was higher (60%).  

For experiments carried out under continuous conditions (vintage and racking periods), 
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the bioreactor started with a loading rate of 0.45 g COD L-1 d-1, an aeration time rate 

(ATR) of 20 min h-1, hydraulic retention time of 15 days, a feed-to-microorganisms ratio 

(F/M) of 0.20 g COD g-1MVLSS d-1 and a sludge retention time of 40 days. After a start-up 

period of 40 days, required for the microbial adaptation, the MLSS was about 3.5 g L-1. 

The observed yield coefficient for biomass growth (Yobs) was quite low, 

0.09 g MLVSS g-1 COD. Despite of the quite low sludge production, the bioreactor showed 

an effluent organic load of 0.30±0.04 g COD L-1, thus accounting for a COD removal higher 

than 93%. The obtained results were comparable to those reported by other authors for 

the JLR system (Petruccioli et al., 2002; Eusébio et al., 2005), with the advantage of the 

low sludge production. Similar results were reported by Racault and Stricker (2004) and 

Brucculeri et al. (2005) which stated that both high solid retention times applied to the 

system and high biodegradability of the substrates can be responsible for low sludge 

production. 

Our results also revealed that the increase of the loading rate (1.00 g COD L-1 d-1) did not 

affect the AMBB performance (96±3% COD removal) or biomass growth 

(0.13 g MLVSS g COD-1). This unexpected result could be explained by the highest specific 

oxygen respiration rate of biomass, originated by a higher F/M ratio (Brucculeri et al., 

2005), thus revealing the good adaptation of the microbial population to high organic 

loads.  

 

 Optimisation of operational parameters of AMBB 

Oxygen mass transfer 

One of the most relevant aspects in many biological systems is the aeration supply. The 

aerobic-based technologies used for wastewater treatment are among those which 

require proper aeration to promote and maintain the growth of microbial populations 

responsible for the degradation of the organic matter (Garcia-Ochoa and Gomez, 2009; 

Rodríguez et al., 2011). The critical limiting factor in providing the optimal environment to 

microorganisms is the oxygen mass transfer due to the low solubility of oxygen in water 

(Freitas and Teixeira, 2001; Apar, 2010). 

In order to assess the oxygen mass transfer inside the AMBB, the knowledge of the 
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volumetric mass transfer coefficient value, kLa, which characterise the gas-liquid mass 

transfer in bioreactors, was considered a key parameter. It is known that in biological 

systems the kLa values can vary substantially as compared to values obtained for the 

oxygen absorption in water or in simple aqueous solutions. Also these values differ from 

those obtained in static systems with invariable composition of the liquid media along 

time. Moreover, the mass transfer rate is highly influenced by the nature of pollutants 

present in the wastewater (Fakeeha et al. 1999; Tojabas and Garcia-Calvo, 2000). 

Nevertheless, the determination of kLa is considered decisive to establish aeration 

efficiency and to quantify the effects of the operating variables on the provision of 

dissolved oxygen (Garcia-Ochoa and Gomez, 2009).  

The volumetric mass transfer coefficient, kLa, of the AMBB system was determined based 

on the dynamic method (Chapter 5). The results showed a decrease in the kLa value 

during the wastewater treatment, between the fourth and the ninth day. Many factors 

could influence kLa, including air flow rate, air pressure, temperature, vessel geometry, 

fluid characteristics concentration, the rheology of the microbial suspensions and even 

microorganism morphology (Apar, 2010). 

In our experiments, all parameters were kept constant throughout the treatment, except 

the wastewater composition which varied according to the treatment period. The 

increase of biomass concentration also led to the decrease of kLa at the same aeration 

rate in the reactor.  

More readily biodegradable compounds such as sugars and ethanol are firstly assimilated 

by microorganisms, whereas the more complex substrates are only degraded at a later 

stage. Researches indicate that the composition of the fermentation broth influences the 

oxygen mass transfer such as glucose that can be responsible for a decrease of kLa value, 

by increasing the viscosity of the medium (Fakeeha et al., 1999), while surfactants and 

ethanol are referred to have the opposite effect (Krishna et al., 1999).  

Although the full composition of the winery wastewater is difficult to determine, the 

above-mentioned compounds are always present in this type of effluent. The decrease 

observed in kLa (0.026 s-1 to 0.006 s-1) after 9 days of treatment, means that in the 

presence of certain compounds in the wastewater, such as ethanol, can enhance the 

oxygen mass transfer during the initial phase of treatment. After this period, along with 
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the decrease of the metabolic activity of microorganisms, the oxygen transfer decline. 

This can also be due to the accumulation of wastewater compounds which are more 

difficult to degrade, after depletion of more readily biodegradable compounds. Indeed, 

the kLa decline followed the degradation kinetics of organic matter, expressed as COD, 

which corroborate the obtained results. Also, the increase of suspended solids (e.g., dead 

microbial cells) which affects the physical characteristics of the broth can be related to 

the kLa decrease (Liu and Tay, 2007). 

Interestingly, although not quantified, it was observed an increase in the size of the 

bubbles throughout the treatment periods. These findings are in agreement with the 

results obtained, since mass transfer depends on the bubble size, i.e. the larger the size of 

the bubble the lower the oxygen transfer (Garcia-Ochoa and Gomez, 2009; Al Taweel et 

al., 2012).  

Overall, even the lower kLa values obtained in these experiments can be considered 

adequate and were not far from those achieved by other authors when full-scale aeration 

tank equipped with fine bubble diffusers or jet loop reactor were assessed (Fakeeha et 

al., 1999; Duetz et al., 2000; Apar, 2010; Fayolle et al., 2010; Xu et al., 2010). 

The respirometric activity of actively growing microorganisms inside the bioreactor can 

also be measured based on this dynamic method. When the gas supply to the bioreactor 

is turned off, the DO concentration decreases at a rate equal to oxygen consumption by 

the respiration process. The OUR measurements throughout the wastewater treatment 

showed an initial increase until reaching a plateau. Similar data were reported by 

Guglielmi et al. (2009) during winery wastewater treatment in a MBR reactor. After 

sludge adaptation there is a removal of the organic load, expressed as COD rate 

corresponding to the increment of SOUR rate, as a result of the high activity of the 

microbial population on substrate oxidation. These values may be induced by an increase 

of energy requirement stimulated by a famine period, during sludge acclimatisation. The 

feast/famine phenomenon has been reported by several authors as a strategy on sludge 

production (Chen et al., 2001; Ramakrishna and Viraraghavan, 2005; López- Palau et al. 

2009). A similar behaviour was found by Chen et al. (2001) during the study of biomass 

growth on activated sludge cultures previously subjected to a famine treatment. This 

study also indicates that the COD removal ability of the fasted culture is higher than the 
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non-fasted culture. After the peak the SOUR reach values that are related to declining 

growth, which is supported by growth curve. In winery wastewater treatments systems 

the period prior to vintage is a non-productive period, without wastewater generation. In 

this sense, the existing biomass in the treatment system is subjected to a famine 

treatment. Moreover, during vintage the wastewater production has the highest flow 

rates and organic loadings. According to Chen et al. (2001) after a famine period the 

microorganisms are starved and the substrate utilization rate increases. A treatment 

system based on this management model seems to be a good approach for winery 

wastewaters, with the additional advantage of keeping the low amount of sludge. 

 

Energy Costs 

Often, the treatment systems are regarded as a regulatory obligation, increasing 

investment and operating costs and yielding negative economic returns. However, 

compliance with environmental standards should not necessarily lead to the creation of 

additional costs, but rather can provide a secondary source of income (Chan et al., 2009). 

The reduction of energetic costs, together with the reduction of other inputs, is essential 

for the system sustainability. 

To optimise the AMBB performance, the impact of oxygen-limited conditions, with 

emphasis on the efficient energy use, was evaluated (Chapter 6). The AMBB was 

operated during 20 days with an OLR of 0.16 g COD L-1 d-1 and 15 min h-1 of ATR under 

saturated conditions (6 mg O2 L-1), prior to the beginning of the oxygen deprivation study. 

The COD removal efficiency was 82% within the first 5 days of operation. Moreover, the 

rapid decrease in soluble COD concentrations occurred in parallel to the increase of 

biomass. After 15 days of operation, the reactor reached the steady-state and a high-

quality effluent was produced. Signs of stability of the effluent were observed until 

day 20. The COD and total polyphenols removal performance were 95.8% ± 1.3% and 

94.0% ± 0.7%, respectively. In addition to a competent biomass able to degrade the 

wastewater organic matter, other parameters were assessed, namely the oxygen supply. 

For this purpose, the ATR was decreased (5 min h-1). This decrease of the oxygen supply 

resulted in a temporarily high COD concentration in the effluent, although complete 

organic matter removal was restored again within 4 days after operating. The COD 
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removal efficiency regained the initial value, but the total polyphenols removal efficiency 

decreased 8%. The decrease in the ATR was accompanied by approximately a threefold 

reduction in energy consumption without a relevant changing on the final quality of the 

effluent, expressed as COD. In order to mimic more real operation conditions (higher OLR 

values) the AMBB behaviour was operated for an higher OLR (2.5-fold) and the ATR was 

maintained (5 min h-1). After this OLR shock, an immediate increase in the MLVSS 

concentration was detected, which stabilised after 15 days of operation. This increase 

was probably related to the growth of heterotrophic microorganisms, since the amount 

of available substrate for the biomass growth was larger than in other runs. The OLR 

shock led to a slight decrease (3%) of the COD removal efficiency, which stabilized after 

4 days of treatment and remained stable throughout the run (92.9% ± 0.9%). Concerning 

the total polyphenols, the removal efficiency was always declining during the treatment 

and stabilized at 27%, on day 28. The biodegradation of polyphenols is usually related to 

oxidoreductase enzymes that are dependent on the microbial strain, presence of 

inducers, such as oxygen, composition of the culture medium and type of culture 

conditions (Luke and Burton, 2001; Minussi et al., 2007; Strong and Burgess, 2008). 

Therefore, the results showed that although these conditions are favorable for the 

wastewater treatment, considering the COD removal, they proved to be in some extent 

detrimental to the removal of the total polyphenols. The pH remained stable during the 

runs (7.0±0.5). The obtained results are similar to those obtained in a previous study 

(COD removal, 93% and OLR, 0.45 kg COD m-3 d-1) but where the ATR was 20 min h -1 

(Chapter 4). So, a comparable COD removal was obtained with a four-fold reduction in 

ATR inside the bioreactor. Although the low sludge production in this process has not 

been fully studied, it is very likely that the low availability of oxygen has inhibited the 

growth of strictly aerobic microorganisms, promoting, in turn, the growth of 

microaerophilic and facultative anaerobic populations (Oliveira et al., 2007), which have 

lower growth rates.  

Overall, the obtained results revealed a positive effect of the AMBB either to shock loads 

or low aeration. These findings are of upmost importance, taking into account that the 

responsiveness of the treatment system is a major concern for the reactor design, 
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particularly in agro-industries that are subjected to large organic load variation and flow 

fluctuations, due to seasonality (Cheong and Hansen, 2008; Moletta, 2009). 

In another experiment, the OLR was kept constant (0.44 kg COD m-3day-1) and only the 

two best ATR conditions were tested (5 min h-1 and 15 min h-1). The results also 

reinforced the evidence that AMBB could be efficiently operated under oxygen-limited 

conditions (5 min h-1) to remove COD, thus contributing to reduce the energetic costs.  

 

 Recovery of high added-value components from wastewater  

Phenolic compounds contribute significantly to environmental hazards due to high 

degree of toxicity as well as improper disposal methods. The presence of polyphenols in 

wastewater has detrimental effects on the microorganisms and plants of the discharge 

zones (Bustamante et al., 2005). Their presence in wastewater is one of the reasons why 

it cannot be discharged to the environment, without proper treatment. In addition, 

phenolic compounds also represent a problem during the winery wastewater treatment, 

as they can inhibit microbial activity (Strong and Burgess, 2008). Conversely, polyphenolic 

compounds are considered products of high added value and their recovery can be 

envisaged (Garcia-Castello et al., 2010; Bertin et al., 2011; Conidi et al., 2011), and should 

be encouraged as a sustainable practice to be carried out prior the wastewater 

treatment.  

As stated above, our results indicated that the removal of polyphenol compounds was 

affected when the AMBB was operated under oxygen-limited conditions. In turn, 

increased aeration time had a positive effect on the removal of those compounds; 

however this procedure has the disadvantage of increasing energy costs. Therefore, to 

circumvent this issue, a new process based on ultrafiltration (UF) was designed to allow 

the previous removal of polyphenols (and polysaccharides), thus enabling their recovery 

for industrial purposes (Chapter 7). As the previous characterisation of the winery 

wastewater revealed a very high content of the total suspended solids (TSS) a pre-

treatment of sedimentation was carried out. The assays revealed the influence of pH on 

the sedimentation of the suspended solids. At natural pH (3.6), the sedimentation 

showed smaller reductions for all parameters, but the treatment removed the coarser 
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solids allowing the effluent to be subjected to the UF system, without damaging the 

equipment. 

The ultrafiltration in concentration mode was run for the clarified wastewater at pH 3.6 

and at a transmembrane pressure of 4 bar. For all runs, in concentration mode, the 

polysaccharides and the polyphenols rejection coefficients were practically constant, 

99.5±0.2% and 95.7±1.2%, respectively. Due to the increase of polyphenols and 

polysaccharides content in the concentrate and having in view their recovery, a new 

sedimentation operation was carried out. After sedimentation, a high concentration of 

polyphenols and polysaccharides, 7.0 and 23.9 g L-1, remained in the sediments of the 

ultrafiltration concentrate, which represented a six and fivefold increase in their 

concentrations, respectively, compared to concentrations in raw wastewater. 

The sedimentation/ultrafiltration process enabled the recovery of high value products, 

polyphenol and polysaccharides compounds, giving rise to a permeate flow with lower 

polyphenol concentration. This flow, purged of recalcitrant compounds (polyphenols), 

can be subsequently included in the treatment system, the AMBB or other, thus 

improving the final quality of wastewater, and most probably saving costs by avoiding 

additional aeration supply. 

 

 Wastewater Reuse 

Water supply is becoming increasingly scarce, particularly in regions that suffer droughts 

and have experienced increased levels of irrigation (EC, 2012). Actually, irrigation in the 

vineyard is a practice of increasing use in such regions, including Portugal, and the 

Mediterranean basin is among the regions that are most at risk of desertification 

(especially the southern regions). Indeed, the Mediterranean region is identified as one of 

the most prominent hotspots in future climate-change projections, and projected climate 

changes will have a direct impact on water resources and crop irrigation requirements 

(Giorgi, 2006; Diffenbaugh and Giorgi, 2012).  

In order to achieve the best technology available for the winery wastewater treatment, it 

is of great importance to predict the final destination for the treated effluent (discharge 

or reuse).  
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The World Health Organization published guidelines for the safe use of wastewater in 

agriculture (WHO, 2006). However, these guidelines are very broad and do not address 

directly the concerns of the wine industry, because many of the parameters considered 

do not apply to this type of wastewater (e.g. heavy metals, human pathogens). In 

addition, most published guidelines, in Europe, for the reuse of wastewater in irrigation 

include mainly microbiological parameters, since its main focus is the reuse of domestic 

wastewater (Brissaud, 2008). The microbiological parameters are very important from 

the standpoint of public health, but they are only relevant in treatment systems that 

receive domestic wastewater. In wineries that plan to reuse the treated wastewater for 

irrigation, domestic wastewater should be treated separately or discharged in the 

sewage. Moreover, chemical analysis could be insufficient to provide the potential 

ecological risk, since it does not allow an evaluation of possible combined effects of the 

different contaminants mixed together, as well as its bioavailability. Therefore, bioassays 

are recommended for ecological risk assessment of wastewater relative to the soil or 

other matrices, whenever the effluent is intended to be used as organic amendments 

(van Gestel et al., 2001; Fjällborg et al., 2005). 

In Portugal, the legislation (DL nº 236/98, Annex XVI) provides water quality for irrigation, 

based on some parameters as: salt content, suspended solids, nitrogen, chlorides and 

sulfates, pH and two microbiological parameters (faecal coliforms and eggs of intestinal 

parasites). As this legislation is not specific for reuse of treated wastewater, the indicator 

parameters of organic matter, such as COD or BOD, are not covered. In order to regulate 

the use of treated wastewater in irrigation, a Portuguese Standard was published in 2005 

(NP 4434). However, this Portuguese Standard refers, only, the reuse of domestic 

wastewater, stipulating four classes of water quality, based on microbiological 

parameters. In this sense, the wastewaters, without faecal microrganisms, but containing 

other contaminants are not properly regulated. Also, the potential risks of phytotoxicity 

associated with this type of wastewater (Oliveira et al., 2009; Mosse et al., 2010) and the 

edapho-climatic conditions of the winegrowing region should be addressed in order to 

create/ adapt guidelines that are in compliance with the local legal requirements, as 

established in countries with high environmental concerns (EPA, 2004; van Schoor, 2005; 

Mekala et al., 2008). 
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The obtained results from physicochemical characterisation of the treated wastewater 

(Chapter 8) were compared to those of international guidelines and reuse standards 

applied by European countries, including Portugal. Most analyzed parameters were in 

agreement with guidelines for irrigation use. Of particular concern was the sodium 

adsorption ratio (SAR), which was higher than the permitted parametric value. Moreover, 

it is recommended that SAR should be below 6, in order to prevent adverse soil structural 

changes (Laurenson et al., 2010). To reduce SAR, some strategies should be applied in the 

winery (Kumar and Christen, 2009; Mosse et al., 2011). For instances, alternative cleaning 

agents based on potassium hydroxide and magnesium hydroxide, although more 

expensive, have been found to be effective on tartrate removal. In addition, re-using the 

wash water to exhaustion, where it ceases to be effective as a bitartrate dissolving agent, 

could be very useful in preventing contamination.  

Regarding the conductivity, the highest value for this parameter registered in the present 

study revealed that the process water already had a high conductivity, hence affecting 

the final value of this parameter. To diminish the water conductivity, it is advisable to 

replace disinfectants and cleaning agents by ozone (Greene et al., 1993; Greene et al., 

1994; Pascual et al., 2007; Guillen et al., 2010; Cullen and Norton, 2012). It is utmost 

probable that the ozone treatment will allow the decrease of both conductivity and COD, 

thus contributing to attain the compliance of the legal limits for beneficial crop irrigation 

(Lucas et al., 2009; Cullen and Norton, 2012). The reduction of COD can also be achieved 

by screening out solids larger than 0.5-1.0 mm with basket screens and by reducing the 

contact period between solids and wastewater. The change of citric acid by phosphoric 

acid is also an advantage (Brissaud, 2008).  

Although in Portugal there is no legislation concerning the maximum of BOD5 allowed for 

wastewater irrigation, this parameter is very important to prevent changes in soil 

properties (EPA, 2004). According to the World Health Organization (WHO, 2006) 

recommendations for wastewater reuse, the amount of organic matter to be applied in 

irrigation should not exceed 500 mg L-1, expressed as BOD5. The document also states 

that the application of an urban wastewater containing a BOD5 between 110-400 mg L-1, 

may be beneficial for cultures (WHO, 2006). The obtained results did not exceed this 

value, but might reach the limits of EPA or Germany guidelines (Hussain et al., 2002; 
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Tsagarakis et al., 2004; Brissaud, 2008). 

Chemical analysis could be insufficient to provide the potential ecological risk of 

wastewater, especially if the destination is irrigation. Significant inhibition of cress 

(Lepidium sativum) germination and seedling growth is considered to influence the 

capacity of plants to compete and survive in their environment (APHA, 2005). So, to 

evaluate the potential phytotoxicity of wastewater after treatment, due to possible 

synergistic and deleterious effects of various water contaminants, bioassays were carried 

out using cress as plant indicator, watered with undiluted and diluted treated wastewater 

(Chapter 4). Results revealed no significant differences (P≤0.05) between batch 

experiments on cress Germination Index (GI). However, the undiluted wastewater was 

responsible for a significant decrease of the GI, as compared to diluted wastewater, when 

both batches were considered. No significant interaction (batch x dilution) was recorded. 

Similar results were obtained by Mosse et al. (2010) by comparing the effect of semi-

synthetic winery wastewater on the germination and growth of four plant species.  

Different wastewater components have been reported to be capable to incite phytotoxic 

effects, namely ethanol, polyphenols and sodium (Stutte et al., 2006; Mekki et al., 2007; 

Muyen et al., 2011). Our results revealed a slight phytotoxicity of undiluted wastewater 

and it is most probably that this effect has been the result of its high sodicity, as was 

reported by (Muyen et al., 2011). In the present study, neither ethanol nor polyphenols 

are suspected to be involved, since its content in the wastewater was low. 

Overall, the results showed that the treated wastewater was adequate for irrigation since 

diluted. This practice will contribute to nutrient recycling and water saving, with obvious 

benefits to the environment and without apparent risks to public health.   

Moreover, as the available volume of treated wastewater only represents a small fraction 

of the total amount of irrigation water needed, the treated effluent can be used to fill 

these needs. 

 

 Waste Generation 

The waste generation involved in the winemaking process should be addressed for 

recycling or treatment before being returned to environment. The results presented in 
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Chapter 8 showed that solid waste is mainly produced during the harvest period, 

corresponding to 74%, with the major contribution of grape marcs (60%). Concerning the 

wine lees, generated during post-harvest period, they account for 25% of the total solid 

waste. Similar results have been reported by other authors (Tano et al., 2004, Jin and 

Kelly, 2009), indicating that solid waste amount will be difficult to reduce.  

No significant differences (P≤0.05) were observed for grape marc and lees ratios, 

between years or wineries. These results suggested that the waste generation per tonne 

of processed grape is not dependent on the winery dimension, for similar winemaking 

practices. Concerning the stalk ratio, the year did not significantly affect this parameter 

(P≤.05). In contrast there were significant differences between wineries, which are 

explained by the manual harvest carried out in one plot, which resulted in more stems as 

compared to mechanical harvesting. In the present wineries one tonne of grapes, 

approximately produced 0.13 tonnes of grape marc, 0.03 tonnes of grape stalks and 0.06 

tonnes of wine lees, which are in accordance to those reported by other authors (Lagoudi 

et al, 2004; Tano et al., 2004). 

In Portugal, as in other European countries, grape marc and lees must be sent to 

distilleries to recover alcohol and tartaric acid, according to the European Council 

Regulation (EC) no. 479/2008 (EC, 2008). Although 85% of the solid waste generated 

throughout the winemaking process is addressed by this regulation, there are still other 

wastes that should be recycled and valorised, such as stalks and sludge from biological 

wastewater treatment system. Although not addressed in the present study, the 

composting of this waste, in addition to exhausted grape marcs, represents an alternative 

to final disposal, allowing its reintroduction in the soil, thus contributing to the recycling 

of nutrients and to the improvement of soil fertility (Bertran et al., 2004; Bustamante et 

al., 2011). Also co-composting, which involves the combination of different organic 

wastes to adjust the variables and correct operational values, could include additional 

benefits to the composting process (Bustamante et al., 2009, 2011; Prozil et al., 2012). 

For waste recycling and valorisation the wineries must select an environmental friendly 

and cost-effective technology, but waste disposal could also be a solution. However, the 

selection of this technology is based primarily on the disposal fee imposed by the 

authorities or waste management companies. Nevertheless, some small wine-producers 
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do not comply with existing laws, making illegal waste discharge to water body, sewage 

or uncontrolled deposition, for which fines can reach 60,000 €. 

Grape marc and lees are considered added-value by-products and wineries can benefit if 

they are sent to the distilleries. This benefit varies between 20 and 35 € per tonne, 

depending on the alcohol contents, without transportation costs. Alternatively, wineries 

may send these wastes for composting but it will result in a cost. 

In the present study, one of the selected wineries recovers and recycles all the solid 

waste, not only fulfilling its obligation to deliver the grape marc and lees to distilleries, 

but also carrying out co-composting of green waste and grape stalks. This procedure also 

presents a way to reduce the costs of waste disposal. Even considering the ex-situ 

composting, the costs are higher than the in-situ composting, especially due to the waste 

collection and transportation.  

Although sludge originated by wastewater treatment systems can be composted (Bertran 

et al., 2004), during the present study no sludge was removed from the AMBB treatment 

system, probably due to the seasonal characteristics that allows high hydraulic retention 

time associated with a high-sludge age, during post-harvest. Simultaneously, microbial 

growth conditions of feast/famine may be achieved, reaching a natural balance between 

biomass growth and decay (Chen et al., 2001; Ramakrishna and Viraraghavan, 2005; 

López-Palau et al., 2009). However, if significant amounts of sludge are produced a waste 

management strategy should be envisaged. For selecting the best valorisation method, a 

number of parameters, such as dimension, available land, investment cost and local legal 

requirements, should be considered. Once waste is an important source of natural high-

value products and nutrients, closing the cycle of residues-resources is essential, allowing 

the sustainable development of the wine sector. 
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1. CONCLUSIONS 

Aerobic treatment processes are largely used in the wine industry, but usually they result 

in the production of large volumes of microbial biomass (sludge). Some of these 

technologies are well established, highly effective and ease of use. However, there are 

others that although apparently more advantageous, are not established at full-scale as is 

the case of the Air Micro-Bubble Bioreactor (AMBB). Understanding the behaviour of this 

reactor is important not only to allow proper operation, as well as to diagnose and solve 

process problems. On the other hand, to be competitive compared to conventional 

treatment systems, the system should be efficient, with low sludge production, low 

maintenance requirements and low operating costs. 

As conclusion, the main outputs of this thesis can be summarized as follows. 
 

 First, the winery wastewater flows were identified and characterised in terms 

of their physicochemical properties and biodegradability evaluated based on 

respirometric assays. The results revealed a significant effect of the working 

period on the wastewater biodegradability, in which the generated during the 

vintage period proved to be more easily degraded, followed by the 

wastewater generated by electrodialysis. However, the biodegradability of this 

flow was not significantly different from that obtained for the first racking 

period.  

 Concerning respirometric assays, the pattern of BOD oxidation, observed for 

all sampling periods, fitted a first-order kinetic reaction. Although differences 

related to ultimate BOD (L0) have been registered for all periods, no significant 

effect was found among samples as regards the biodegradability rate 

constant. The data presented here can provide information on the design of 

the wastewater treatment system, as well as to predict the composition, 

organic load and biodegradability of each type of wastewater obtained 

throughout the different winemaking periods. 

 A simple aerobic treatment, based on AMBB, was developed to allow easy 

application to wastewater winery. It consists of a vertical system constructed 

by coupling a Venturi injector with mass transfer multiplier nozzles. A set of 
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batch-experiments were performed to monitor the evolution of 

concentrations of COD, biomass and polyphenolic compounds during the 

different winemaking periods and no significant differences were recorded 

between experiments.  

 Good agreement of the COD removal efficiency (93.3±2.0%) was shown under 

continuous conditions and the results were successfully validated for more 

than 6 months. Despite the low sludge production 

(0.09-0.13 g MLVSS g-1 COD), the results revealed that the increase of the 

loading rate did not affect the AMBB performance. 

 The oxygen transfer is often the rate-limiting step to the success of the aerobic 

bioprocess. Response from the online DO sensor was used to determine the 

KLa, OUR and SOUR values in the AMBB, during vintage period. The analysis of 

the experimental data showed that both kLa and OUR values were affected by 

process variables. The majority of kLa, ranging from 0.006 to 0.026 s-1, and the 

SOUR values were higher than 20 mg O2 g-1 MLVSS h-1, which could indicate a 

high organic load to the existing suspended solids in the mixed liquor. This 

high SOUR rate is due to the high substrate-oxidising activity revealed by 

microbial population at the begging of the treatment. Also, the implemented 

strategy of switching between aerobic and anoxic operation conditions 

revealed to be a good approach to reduce sludge production without 

compromising the AMBB performance. 

 The main disadvantage of aerobic treatment systems is the energy cost of 

aeration. Consequently, the reduction of energetic costs, together with the 

reduction of other inputs, is essential for the system sustainability. To optimise 

the AMBB performance, the impact of oxygen-limited conditions, with 

emphasis on the efficient energy use, was evaluated. The obtained results 

revealed a positive effect of the AMBB either to shock loads or low aeration. 

For wastewater generated during the second racking period, an aeration time 

rate of 5 min h-1 proven to be effective in COD removal, allowing 

approximately a three-fold reduction in energy consumption. However, for 

this aeration time rate a decrease of polyphenol compounds removal was 

observed. This result is consistent with the fact that anoxic conditions limit the 
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activity of enzymes responsible for the breakdown of phenolic compounds. 

Thus, to optimise this process, the recovery of high added value products was 

envisaged to allow the previous removal of polyphenols and polysaccharides. 

An integrated process based on sedimentation-ultrafiltration was investigated 

and an enrichment of these compounds, six and fivefold increase in their 

concentrations, could be observed. The generated flow, purged of recalcitrant 

compounds (polyphenols), can be subsequently included in the AMBB 

treatment system or other, thus improving the final quality of wastewater, and 

most probably saving costs by avoiding additional aeration supply. 

 The potential risks of phytotoxicity associated with winery wastewater 

recycling, and the edapho-climatic conditions of the winegrowing region, 

should be addressed in order to create/adapt guidelines that are in 

compliance with the local legal requirements. Most of the physicochemical 

parameters of the treated wastewater were in agreement to the guidelines for 

irrigation use. However, the sodium adsorption ratio (SAR) was higher than the 

permitted parametric value. To reduce SAR, some strategies should be applied 

in the winery, alternative cleaning agents based on potassium hydroxide and 

magnesium hydroxide, although more expensive, have been found to be 

effective on tartrate removal. 

 As chemical analysis could be insufficient to provide the potential ecological 

risk of wastewater, bioassays were carried out using cress as plant indicator. 

The undiluted wastewater was responsible for a significant decrease of the 

germination index, as compared to diluted wastewater, when both batches 

were considered, but no significant interaction (batch x dilution) was 

recorded. The results showed that the treated wastewater can be included in 

irrigation schemes, after dilution. This practice will contribute to nutrient 

recycling and water saving, with obvious benefits to the environment and 

without apparent risks to public health.  

Overall, this study can contribute to an increase of interest in application of a 

straightforward aerobic system, based on the AMBB, for winery wastewater treatment, 
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and probably for other agro-industrial effluents, as a sustainable and advantageous 

technology.  

Further studies related to the AMBB system can still be developed namely: the evaluation 

of the biodegradation of the flux produced by sedimentation / ultrafiltration process; the 

study of the AMBB performance using the electrodialysis wastewater; the 

implementation and monitoring of the AMBB at a full-scale. Also, studies combining this 

system with other emerging technologies, such as microbial electrolysis cells which 

produces hydrogen while removing organic matter from wastewater should be 

considered. Finally, the comparison of environmental impacts of different treatment 

options of winery wastewater should be envisaged by life cycle assessment to ensure 

which technology offers the most environmental benefits. In addition the economical 

analysis of these treatment systems should be performed. Taken together, these 

instruments will allow the evaluation of the ecological burdens and impacts connected 

with products and systems. 
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