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Abstract

The energy consumption of wastewater treatment processes had become an important tool
parameter for designers and engineers in the wastewater treatment industry, and efforts to
improve the energy efficiency of the equipments represent a great challenge. The present
study proposes the use of the Air Micro-Bubble Bioreactor (AMBB), with a working volume of
14 dm® and a hydraulic retention time of 14 days, operating in continuous mode to treat

winery wastewater from second racking period, for seven different runs, during 167 days.

The organic loads fluctuations, usual in the winemaking industry, and the aeration time rate
(ATR), both related to energy costs, were the studied variables. The chemical oxygen
demand (COD) was selected as a key parameter to monitor the AMBB performance. The
total polyphenol compounds were also followed. The effect of the organic loading rate OLR
was assessed by adjusting feed substrate concentration between 0.16-0.44 kg COD m™ d™.
The ATR varied between 1, 5 and 15 min h™. Each run was operated until steady state was
reached with respect to COD concentration. All runs showed a positive answer for COD
removal, having a minimum efficiency of 70%. Also the COD removal efficiency showed to
be not dependent on the applied OLR and the decrease in the ATR to 5 min h* was
accompanied by a nearly three-fold reduction in energy consumption without relevant
changing on the final COD removal efficiency (93-96%). However, the total polyphenol
compounds removal was highly affected by decreasing the ATR from 15 to 1 min h™, leading

to a decrease in the total polyphenols removal efficiency from 94% to 4%.

In the present study, we report for the first time the impact of oxygen-limited conditions in the
AMBB performance with emphasis on the efficiency energy use. The polyphenols as a
performance indicator, the energy costs of treated wastewater and COD removal efficiency
achieved in pilot scale show the technical feasibility of the process, giving a sustainable

solution for this important sector of activity.

Keywords: Aeration time rate, Air Micro-Bubble Bioreactor; COD removal efficiency;

polyphenol removal efficiency; winery wastewater



Resumo

O consumo energético decorrente dos processos de tratamento de &guas residuais, tornou-
se um parametro importante para projetistas e engenheiros na industria de tratamento de
aguas residuais, e os esfor¢cos para melhorar a eficiéncia energética dos equipamentos
representam um grande desafio para os profissionais que actuam neste sector de
actividade. O objetivo do presente trabalho é a avaliacdo do desempenho do reator Air
Micro-Bubble Bioreactor (AMBB), com um volume util de 14 dm® e um tempo de retencéo
hidraulico de 14 dias, operando em modo continuo para o tratamento de aguas residuais
vinicola, provenientes do periodo segunda trasfega, durante sete ciclos diferentes, e durante
167 dias. As flutuagbes de carga organica, habituais no sector vinicola, e a taxa de
arejamento do reator, ambos relacionados com os custos de energia, foram as variaveis
estudadas. O desempenho reator AMBB foi avaliado através da monitorizagdo da caréncia
quimica de oxigénio (CQO). Os polifendis totais também foram monitorizados. O efeito da
carga orgéanica de alimentagéo foi analisado, efetuando-se um ajuste na concentragdo de
entrada do substrato entre 0,16-0,44 kg CQO m™ d™*. A taxa de arejamento do reator variou
entre 1, 5 e 15 min h™. A duracéo de cada ciclo, foi 0 tempo necessario até se atingir o
estado estacionario no que diz respeito a concentracdo de CQO. Todos os ciclos mostraram
uma resposta positiva para a remocdo de CQO, com uma eficiéncia minima de 70%. Além
disso, a eficiéncia de remocdo de CQO ndo mostrou ser dependente da concentracdo de
entrada do substrato aplicada, e a diminuicdo da taxa de arejamento para 5 min h™, foi
acompanhada por uma reducédo de aproximadamente trés vezes no consumo de energia,
sem alteracdo relevante sobre a eficiéncia de remocéo de CQO final (93 - 96%). No entanto,
a remocao de compostos polifendis foi muito afectada pela diminuicdo da taxa de
arejamento de 15 para 1 min h™, levando a uma diminuicdo da eficiéncia total da remoc&o

de polifendis de 94% para 4%.

No presente estudo, relata-se pela primeira vez o desempenho do reator AMBB em
condi¢Bes limite de oxigénio, dando énfase a questédo da eficiéncia energética. Os polifendis
como um indicador de desempenho, os custos de energia associados ao tratamento do
efluente, e a eficiéncia da remocdo de CQO alcangada em escala piloto, mostram a
viabilidade técnica do processo, contribuindo para uma solucdo sustentavel para este

importante sector de actividade.

Palavras chaves: Air Micro-Bubble Bioreactor; taxa de tempo de arejamento, eficiéncia de

remocao de CQO; eficiéncia de remocao de polifendis; aguas residuais vinicolas.



Extend Abstract

O processo de vinificagdo, possui operacbes padronizadas bem-definidas (colheita,
esmagamento, prensagem, operacdes de fermentacdo, clarificacdo, trasfega e
engarrafamento), gera &aguas residuais muito poluentes e o respectivo tratamento e
eliminacdo (ou a reutilizacdo) deste efluente, requer adequadas opc¢des sustentaveis de
gestdo em conformidade com a legislacdo e regulamentos em vigor.

Como consequéncia do caracter sazonal desta actividade e das tecnologias de vinificacao,
os volumes e cargas organicas do efluente tém variacBes acentuadas ao longo do ano. As
aguas residuais provenientes da segunda trasfega (0 que ocorre quando o processo de
fermentagdo esta completo), sdo consideradas uma das mais poluentes devido ao alto teor
de carga organica total e da concentragdo de soélidos em suspensdo que podem atingir
valores elevados, os quais resultam da precipitacdo dos tartaratos. Estes soélidos séo
probleméaticos néo s6 devido a elevada carga organica mas, também devido aos compostos
fendlicos adsorvidos. De acordo com o método de vinificagéo a producgéo de efluentes pode
apresentar caracteristicas especificas, tornando-se seleccionar a alternativa mais adequada

e de baixo custo para o respectivo tratamento.

O consumo energético decorrente dos processos de tratamento de aguas residuais, tornou-
se um parametro importante para projetistas e engenheiros na industria de tratamento de
aguas residuais, e os esforcos para melhorar a eficiéncia energética dos equipamentos
representam um grande desafio. Para isso, € necessario quantificar a energia gasta por
cada metro cubico de agua residual tratada combinando os custos de energia vs eficiéncia
obtida.

Trabalhos desenvolvidos por outros investigadores sobre o desempenho do reator Air Micro-
Bubble Bioreactor (AMBB) demonstraram que este pode ser uma boa opg¢do para o
tratamento de efluente vinicola, tendo sido a eficiéncia avaliada pela caréncia quimica de
oxigenio (CQO), como também a reutilizacdo do efluente tratado para irrigacdo. No entanto,

0S custos operacionais e gestdo poderiam ser potencialmente optimizados.

O presente estudo teve como principal objetivo a avaliacdo do desempenho do reator AMBB
em modo continuo para o tratamento de 4guas residuais vinicola geradas durante o periodo
da segunda trasfega. As amostras do efluente vinicola foram recolhidas durante a operacao
de segunda trasfega, entre Janeiro e Mar¢o de 2012, numa adega com uma producdo de

cerca de 100 mil litros de vinho tinto por ano (Quinta da Casaboa, Runa, Torres Vedras).



A eficiéncia do reator AMBB foi avaliada tendo em conta a remocdo do CQO e dos
compostos fendlicos, sendo este ultimo um indicador de desempenho. O AMBB tem um
volume de trabalho de 14 dm® e um tempo de retencdo hidraulico de 14 dias e operou
durante sete ciclos diferentes, durante 167 dias. As flutuacbes da carga organica do
efluente, habituais na industria vinicola, e o tempo de arejamento imposto ao reator, ambos
relacionados com os custos de energia, foram as variaveis monitorizadas durante o periodo
de pesquisa. O efeito da carga organica de entrada foi analisada, efectuando-se um ajuste
na concentracdo de alimentacdo do substrato entre 0,16-0,44 kg CQO.m3.d™. A taxa de
arejamento do reator variou entre 1, 5 e 15 min™ h. A duracdo de cada ciclo, foi o tempo
necessario até se atingir o estado estacionario no que diz respeito a concentragdo de CQO

gue se pretende alcancar.

Os resultados deste estudo revelaram que a eficiéncia de remogdo do CQO foi
independente da taxa de carga organica aplicada e da taxa de arejamento (5 e 15 min h™).
Apesar da remocdo dos polifendis ter sido muito afectada pela diminuicdo da taxa de
arejamento de 15 para 1 min™ h, ainda assim, o reator AMBB mostrou-se adequado para
remover CQO (93-96%), com apenas 5 min™ h de taxa de arejamento, o que permitiu a

reducdo dos custos de energia em aproximadamente trés vezes.
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Chapter 1.

1. Introduction

The world wine production remained nearly constant between 2010 and 2011, with values of
the order of 265x10% L (Figure 1.1).Europe, with a total production of 175x10"° L, leads the

sector with 66% of production, face competitors from America (19%), Asia (6%), Oceania

(5%) and Africa (4%). In the period of 2000-2011, Europe was the only continent where there

was a decrease in wine production (Figure 1.2). Countries like France, Italy, Spain and

Portugal, the production was respectively 28.4%, 23.8%, 19.1% and 3.4% (Castellucci,

2012).
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Figure 1.2 - Percentage distribution of the world wine production

(souce:www.oiv.int)

In 2011, the total area of vineyards worldwide was 7.585 mha which represents a reduction

of area at 1%, 79 mha between 2010 and 2011. Analyzing the evolution of the last 10 years

(2000-2011), it was found that there was an increase in global surface of vineyards in all

continents except Europe (Figure 1.3). In Europe this tendency with principal focuses on

Bulgaria, Hungary and Spain respectively with a decrease of 22%, 13% and 12%. France

with a reduction in the area under vines in the order of 7%, Greece and Italy 6%, Turkey 4%,

and Portugal reduced its area by 3%.
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Figure 1.3 - Evolution of the last 10 years of the total area of vineyards worldwide (souce:www.oiv.int)



The world production of grapes was 69,2 million tons (Figure 1.4), showing an increase,
although the area have decreased since 2000. This situation can be explained by an
increase in efficiency, more productive varieties and the existence of more favorable climatic
conditions and techniques of continuous improvement, as well as winemaking practices. In
Figure 1.5, it can be observed that for example Europe with a total of 41% of world
production of grapes, get a percentage of 66% in relation to world wine production (Figure

1.2), which confirms somehow increased efficiency in wine production.
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In Portugal winemaking is one of the most traditional industries. The total amount of grapes
in Portugal at 2011 was about 722 791 tones, covering the 174 Mha of the total cultivated
winery area. The wine production is about 61% red and 39 % white wines, corresponding to
a total of 7.132 million hL of wine (INE, 2012).

According to the Instituto da Vinha e do Vinho (IVV), the highest yields of wine are in the

wine regions of Douro, Alentejo and Lisbon. (Figure 1.6).
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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 5 925x10° L per year (Castellucci, 2012), which according to INE in 2007 it
contributes for the high relevance of the wine sector to the country economy, because wine
production represented about 16% of all agricultural output Portugal (INE, 2007).

During the last decade, the perceived higher quality of the Portuguese wines has been
recognized worldwide and despite a small decrease of area under vines (-3%) and of wine
production (-2%), Portugal is actually included in the Top 10 list of wine exporter countries in
the world (Figure 1.7) (Castellucci, 2012).

30 000

25000

20000 2000

mhl

15000 w2005

Forecast
10000 201
5000 ‘
n "TTrFErEr

Italy Spain  France Australia  Chile USA  Germany South Argentina Portugal
Africa

Figure 1.7 - Top 10 wine exporters - Trends 2000-2011 (souce:www.oiv.int)

The winemaking process generates high pollutant wastewaters, and the treatment of this
wastewater requires appropriate and sustainable management options in compliance with
legislation and regulations. The wastewaters are normally result from the cleaning operations
of washes production equipment, pavements and bottles (Petruccioli et al. 2000; Petruccioli
et al. 2002), fermentation tanks and barrels (Malandra et al. 2003) as well as the sterilization

of treatment tanks and storage of wines.

The aim of this research is to operate two pilots Air Micro-Bubble Bioreactor (AMBB) in
continuous mode in seven different experimental periods (cycles) during 167 days treating
winery wastewater from 2™ racking stage, which is considered one of the most polluting

winery wastewater. The results obtained from different combinations concerning the organic



loading rating (OLR) and the aeration time rate (ATR) provide key information needed to
assess the efficiency of the system. The performance indicator (Pl), energy costs of treated
wastewater and COD removal efficiency achieved in pilot scale show the technical feasibility
of the process, giving a sustainable solution for this important sector of activity.

The present Dissertation is structured in four chapters:

In Chapter 1, a global overview of the world wine production is presented. The importance of
the wine sector in Europe and especially in Portugal is described. The quality improvement of
the Portuguese wines on the last decades contributes to increase the exports and a positive

contribution for the national budget.
In Chapter 2, describes the winery production process and sources of wastewater, as the
environmental concerns of the winery industry. Also compare the different wastewater

treatment, with special focus on the AMBB technique.

In Chapter 3, the data used, methodology, main results and their discussion are presented in

the format of scientific journal submission.

Chapter 4 covers the main conclusions resulting from the work.



Chapter 2.

2. State of the art

2.1 Production process and sources of wastewaters

The red winemaking process, which includes well-defined and standardized operations
(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 wastewater requires appropriate and sustainable management options in compliance
with legislation and regulations. The main stages of the production process of a winery are
as follows (Pirra, 2005; Vlyssides et al. 2005).

The process begins with the transport of the grapes to the winery, where they are discharged
to a grain tank.

The process proceeds to the stalk removal
(destemmer), and it follows the crushing. During
this process the squeeze of the berries, the break
of the skins (Figure 2.1), and the consequent
extraction of juice take place. The wastewater

generated from this stage comes from the washing

of the machinery and of the production room.

Figure 2.1 - Grape transport. (source: www.flickr.com
photos/28771820@N03/6972693979)

The fermentation is a process, which lasts 15 days, and
run through biochemical reactions, checking for the

conversion of the sugars into alcohol and carbon dioxide
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as to obtain energy, and occurs for example in
fermentations vats (Figure 2.2). In fact in the production of
wine, may be considered that this reaction is the main

processing taking place in the process. During this stage,

no wastewater is produced.

Figure 2.2 - Fermentation vats

(source::www.posters.co.uk/Wineries-Cellars/104048)



After fermentation occurs the separation of grape marcs. The produced wastewater from this
stage comes from the washing of the tanks and production room, from the cleaning of the
equipment’s, and from wine losses.

The racking is effected in two steps: The first transfer occurs after the fermentation process,
and the second separation also occur after the fermentation, but in this case is the malolactic
fermentation (Duarte, J. M., 2006). Fermentation of this kind is intended to act in the
smoothing of the palate and to reduce the feeling of acidity which characterizes many wines,
particularly red wine coming from the cooler regions. It can also add complexity and delicacy
to most red and white wines, even from the relatively warm climates, resulting in more

balanced wine, round and harmonious.

After malolactic fermentation takes place the 2™
racking, and follow-up processes of conservation,
maturation, stabilization.

Maturation is a process used in winemaking to
reduce tartrate crystals in wine. It takes place in the
barrels (Figure 2.3), and lasts about 15 days, with

no wastewater produced

Figure 2.3 — Maturation (source::www.posters.co.uk/
Wineries-Cellars/104048)

Subsequently, the wine is subjected to a bonding process which is a process the filtration of
wine, whose function is to remove phenolic compounds (Ricardo-da-Silva, et al. 2003),
clarification and microbial stabilization. This process contribute to decrease the precipitation
of particles not removed in racking, and avoid any precipitation inside the bottles (Ricardo-
da-Silva, et al. 2003).The produced wastewater of this stage comes from the washing of the
tanks, production room, pre-washing of the storage tanks, from the cleaning of filters, as well

from wine losses during its transfer.

The last process is the bottling and packaging. The
produced wine is now transferred from the tanks to packing
units (Figure 2.4), and the produced wastewater comes
from the washing of tanks, transportation pump and of

packaging room.

Figure 2.4 — Bottling (source: http://asiabottling.com/)



As a resume, Figure 2.5 schematizes the process of production of red wine, as the winery

wastes and their sources.
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Figure 2.5 — Typical winery wastes and their sources



2.2 Environmental concerns of winery industry.

The winery wastewater is seasonally produced and is generated mainly as the result of
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.

The wastewater from the second racking, which occurs when the fermentation activity is
complete, is considered one of the most polluting due to the high content of organic load and
total suspended solids concentration which may reach huge values 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.

The winery wastewater is characterized for a high content of organic compounds, consisting
of highly soluble sugars, alcohols, acids and recalcitrant high molecular weight compounds,
such us polyphenols, tannins, and lignins (Arienzo et al. 2009; Pirra, 2005). The chemical
analysis of this type of wastewater indicates that the COD is mainly dependent on the total
sugar content, unlike phenolic compounds which represent only a small fraction. This
wastewater can have a negative effect when discharged into the wastewater treatment plants
(WWTP) as well as to the environment, without treatment (Malandra et al. 2003; Strong and
Burgess, 2008).

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
particularly 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. If high levels of biological oxygen demand (BOD )in
untreated wastewater are allowed to flow to streams, rivers, ponds, lakes and other surface
water, the dissolved oxygen in the waterways may be quickly consumed. As the dissolved
oxygen in the waterways is depleted, aquatic and amphibious life suffocates (Chapman et
al., 2001).



2.3 General Characterization of winery wastewater

Important point to focus before the qualitative characterization is the quantitative
characterization of the wastewater to be treated. Reject volumes per volume of produced
wine vary from one wine cellar to another, with extreme values comprised between, 0.8
m*/m®and 14 m*m?® (Moletta, 2009; Van Schoor, 2005).

The wine industry has a seasonal production, and is considered high season, the harvest
and the 1* racking that occurs in October and as low season, the corresponding storage and
bottling, which takes place during the rest of the year (Table 2.1). The weather can also
determinate when the harvest his made, with the threat of heat, rain, hail, and frost. Harvest
season typically falls between August and October in the Northern Hemisphere and February
& April in the Southern Hemisphere. With various climate conditions, grape varieties, and
wine styles the harvesting of grapes could happen in every month of the calendar year
somewhere in the world (Jancis Robinson, 2006).

So the wastewater varies in its quality, homogeneity and flow rate, depending on the working
period (Artiga, et al. 2005; Rodrigues, et al. 2006). The 2" racking, in particular, is
responsible for producing the largest amount of suspended solids and therefore the greater

the pollutant load, which by volume, reaches about 20% of the capacity of the tanks.

Table 2.1 - Wineries activities over a year of operation at Portugal. (Duarte, E. A., et al. 2006)

Jan | Feb | Mar | Apr [ May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Harvest
1°** Racking
2" Racking -
3" Racking

Filtration

Bottling

The organic content of winery wastewater consists of highly soluble sugars, alcohols, acids
and recalcitrant high-molecular-weight compounds (e.g., polyphenols, tannins and lignins).
They are easily biodegradable elements, except polyphenols that not easily removable by

physical or chemical means alone (Duarte E., et al. 1998).



Polyphenols are a monitoring parameter used as a performance indicator. The ratio BODs /
COD ratio is about 0.15, which demonstrates the great difficulty of degradation of these
compounds (Duarte, E., et al. 1998). Microorganisms are sensitive to these compounds,
occurring inhibition of microbial activity and thus, degradation of the wastewater occurs with
slower kinetics (Duarte, E., 2004; Heredia, et al. 2005). The wineries wastewater are very
biodegradable (CBOs/CQO between 0.43 e 0.93), and the period where the ratio BODs /
COD is higher is the vintage, by the presence of molecules such as sugar and ethanol
(Fernandez, et al. 2007).

The wastewater has usually a much accentuated deficiency in nitrogen and phosphorus, with
a relation of BOD/N/P near of 100/1/0.3 (Andreottola et al. 2002), for this reason, it is often
required the addition of nutrients, as urea and orthophosphoric acid, to guarantee the

process of cellular synthesis.

Table 2.2 — Physico-chemical characterization of winery wastwater (Source: Oliveira et al. 2009)

Labor Period

Parameter Vintage 1% Racking 2" Racking Bottling
pH 5-7 4-8 5 8
Conductivity (uS cm™) 1885-2110  1145-2260 2030-2400 1265
COD (mg L-l) 5360-10170 4460-7260 1580-5930 1805
BODs5 (mg L'l) 1770-8085 2250-4360 250-900 580
TS (mg L™ 2160-10270  2555-3210 2170-4470 2200
TSS (mg LY 340-550 730-1010 160-2060 185
Surfactants (mg L™) 10-30 4-20 3-7 2
Phenolic compounds (mg L™) 6-32 20-35 5-29 2

From the analysis of the Table 2.2 It is possible to point out that during the vintage period,
the total solids (TS) concentration is greater than total suspended solids (TSS), since organic
matter that is mainly present in soluble form although even though a significant fraction is
easily settleable (seeds, tartaric salts). During 2™ racking, denotes a higher concentration of
TSS because of tartrate, which could also be associated with a greater adsorption of
phenolics compounds. These compounds, because they are poorly biodegradable, can
remain in the final wastewater, giving a reddish color. The wineries wastewaters are normally
acids, but may vary with the vinification process, the time of year and the volume of water
consumed. The wastewater generated by cleaning process equipment, which is made with
alkaline compounds and organochlorine, shows pH values that can reach 12 Scale Sorensen
(Pirra, 2005).
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2.4 Wastewater treatment

The wastewaters can be treated as they are produced, or they can be stored (generally after
good sieving) and treated within several months. The objectives of wastewater management

are to be protective of the receiving environment and enhance water reuse opportunities.

The treatment system must be versatile to face the loading regimen and stream fluctuation.
Attending to the different wine processing method implemented in each winery, it generates
wastewater with specific properties, causing the impossibility to meet a general agreement
on the most suitable cost-effective alternative for biological treatment of this wastewater. So
some decision criteria should be considered in the selection of the adequate technology,
such as maximization of removal efficiency, flexibility in order to deal with variable
concentration and loads, moderate capital cost, easy to operate and maintain, small footprint,
ability to meet discharge requirements for winery wastewater and also low sludge production
(Malandra et al, 2003). Wineries have traditionally disposed of wastewater through storage
and biological treatment, some form of land disposal or alternatively through the sewage
treatment system, but this last option is often impractical in large scale due the inadequate
cities infrastructure capacity. Several processes are available to reduce the organic load of
the winery wastewater, namely physicochemical processes, biological aerobic processes,
biological anaerobic processes and ecological treatment process. Besides the main
treatment processes, one can and should include a pre-treatment, and a final adjustment

treatment, depending on the final destination of the effluent.

It is important to have an equalization tank for storing the wastewater generated along the
cycle of wine activity production, because the seasonal character of this activity, leads to a
large variation in the wastewater flow. The storage allows the homogenization of effluent
from different periods of peak production, and the times of low or zero wastewater production
(Pirra, 2005) which contribute to the increment of the biological treatment efficiency. The
suspended solids are removed by physical treatment such as grids, grit chambers, floaters
and decanters (Pirra 2005). The importance of this procedure has to do with the protection of
mechanical equipment such as pumps and aerator Venturi (Rodrigues et al. 2006), to avoid
colmatation, partially reduction of pollutant load (the pollutant load can increase the level of
organic contamination COD values until 500 000 mgO, / L (Commission UE, 2003)), and
improve the effectiveness of subsequent treatment (Pirra 2005). Winery wastewaters have a
low content of colloidal fraction and fine particulate matter, which limits in general the action

of the physical-chemical treatments and are replaced by biological treatment (Pirra, 2005).
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24.1 Physicochemical treatments

The chemical processes in conjunction with various physical operations have been
developed for the treatment and management of different type of effluents. There are several
technologies, such as sortion / adsorption, coagulation / precipitation, oxidation, evaporation
and membrane filtration, which can reduce the organic loading and mainly the final color of
the effluent (98%) (Pirra, 2005). According to some researchers (Jourjon et al. 2001; Pirra,
2005) the applicability of these technologies allows the removal of organic matter from the
wastewater achieving the required quality to be discharged on the water bodies or reducing

drastically the effluent flow rate (zero discharge).

Innovative and emerging technologies as the advanced oxidation process (AOPSs) (Beltran
de Heredia et al, 2005; Gimeno et al. 2007; Lucas et al. 2009), are technologies that can be
applied for the treatment of winery wastewaters. For example, photocatalytic different
systems were tested, combining the hydrogen peroxide with titanium dioxide (TiO,) reaching
COD efficiency removal of 52-58% (Navarro et al. 2005). Mosteo et al. (2007) applied the
photo-Fenton technology as a pretreatment to enhance the biological winery wastewater
treatment. The organic matter degradation rates, applying photo-Fenton homogeneous and
heterogeneous process, are 80% and 55% respectively.

There are organic compounds resulting from wine production and present in the wastewater
as polyphenols, which are not effectively removed by biological processes (Benitez, et al.
1999; Benitez et al. 2000). These authors achieved removal efficiency of phenolic close to
100%, through the ozonization of wineries effluent, and for this reason ozonation has been
seen as a pre-treatment desired for the biological treatment of wastewater wineries. The
ozonation is capable of converting the complex molecules into simpler molecules, more

easily biodegradable, attenuating inhibitory and toxic effects on microorganisms.

2.4.2 Ecological treatments

Constructed wetlands and the use of land application or irrigation are an interesting
technology with a good (77-88%) performance in the post-treatment of the winery
wastewaters. In this type of process, the wetlands act as a biofilter very effective in removing
BOD, nutrients, sediments and pollutants such as heavy metals from the water, because
different aquatic plants and their microorganisms are used to degrade the organic matter in
the wastewater. This system uses a variety of floating, emerged and submerged plants The
advantages over other technologies, is that they do not need energy, are rely on self-

maintaining and self-regulating biological processes (Grismer et al. 2003; Mulidzi, 2007).
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2.4.3 Biological treatments

Biological treatment can be classified in two main processes: aerobic and anaerobic. These
two bio-processes are related to the type of microorganisms involved in the organic matter

biodegradation and to operating conditions of the bioreactor.

In the anaerobic process, occurs the transformation of organic matter in biogas (Moletta,
2009), composed by methane, carbon dioxide, carbon monoxide, di-hydrogen and di-
hydrogen sulphur (Moletta, 2002). Several technologies like the upflow anaerobic sludge
blankets (UASB) (Moletta, 2005); anaerobic sequencing batch reactor (ASBR) (Ruiz et al.
(2002), hybrid upflow sludge blanket filtration (USBF) (Molina et al. 2007), anaerobic filters
(Moletta 2005) and fluidised bed reactors (Moletta, 2005) are being used. The UASB
systems have frequently been used to treat wastewater (Seghezzo et al. 1998) and can offer
an inexpensive and simple solution to winery wastewater management with 80-98 % removal
of COD load (Moletta, 2005), but have some disadvantages like other anaerobic systems
such as the slow start up time to the process, the efficiency of the treatment which can be
limited due to the variable nature of the composition of the effluent and the generation of
malodors (Keyser et al. 2003).

The advantage of using anaerobic treatments are the low need of energy (no aeration), the
low sludge production, the low need for nutrients and the methane produced that can be
regarded as a renewable energy source. As disadvantages, these reactors, due to slow
anabolism characteristic of anaerobic bacteria in the reactor startup takes longer to reach the
ideal amount of biomass to its full operation. They allow the removal of nitrogen and
phosphorus, but are more sensitive to toxic substances and changes in temperature and
produce malodors. For higher levels of quality of the final effluent, it is requiring subsequent
aerobic treatment (Metcalf and Eddy 2003).

The biological aerobic treatments can be based on technologies like the membrane
bioreactors (MBRs) (Bolzonella, et al. 2010); sequencing batch reactors (SBR) (Torrijos &
Moletta, 1997; Andreottola et al. 2002); sequencing batch biofilm reactor (SBBR)
(Andreottola et al. 2002); conventional activated sludges (Brucculeri, et al. 2005); jet loop
reactors (JLR) (Petruccioli, et al. 2002; Eusébio, et al. 2005); air micro-bubble bioreactors
(AMBB) (Meyer, et al. 2004, Oliveira et al. 2009).

The microorganisms that carry out the purification of organic matter, utilize the nutrients and
oxygen present in the wastewater to convert organic matter into more simple compounds
releasing CO, and water. The growth rate of the biomass in aerobic processes is very high,

which means that it is a process from the outset, with high efficiencies (Metcalf and Eddy
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2003). Many aerobic have been used to treat winery wastewater with greater than 90%
removal rate of COD (Petruccioli et al. (2000); Brucculeri et al. (2005); Oliveira et al. ( 2009);
Artiga et al. (2005,2007); Torrijos et al. (1997)).

Biological treatment has proved to be a viable and cost effective method to remove dissolved
organic material from winery, due to the content of organic matter to be quite soluble and
readily biodegradable (about 80% of total COD; Brucculeri et al. (2005)), and because

oxygen is readily available in air, the use of air as a supplier is the method of choice.

Aerated systems, such as the AMBB bioreactors (Oliveira et al. 2009) and JLR (Petruccioli et
al. 2002), offers new advances in aeration wastewater treatment systems showing a good
efficiency, not only in COD removal, but also in polyphenol compounds. Due to the lack of
results of polyphenols removal efficiency, it is important to compare the operating conditions

of these two studies.

In the case of the AMBB bioreactor (Oliveira et al. 2009), the samples of winery wastewater
were composite samples representative of each phase of the process (vintage, 1% racking
and 2" racking), the bioreactor had a working volume of 15 dm®, the OLR range was 0.45-1.00
kg COD md™ with maximum efficiency obtained after 15 days of 99% and 94%, to COD and
polyphenols respectively. The ATR was 20 min hour®. The JLR reactor had the same
working volume, operated in continuous aeration conditions, with winery wastewater from
different wineries and from different periods (vintage and racking’s). The OLR ranged
between 0.4-5.9 kg COD m®d*, with HRT of 2.1-4.4 days, the maximum efficiency obtained
were 94-98% to COD and 65-75% to polyphenols (Petruccioli et al. 2002). It is important to
report that besides the lower HTR, in this case the recirculation of the mixed liquor was

continuous.
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The Table 2.3 show the comparison of different biological treatments efficiency applied to

winery wastewaters.

Table 2.3 — Efficiency comparison of different biological treatments applied to winery wastewaters

. Total Total
Biological treatment Apkpllzggcr)nll?sléglad HRT CcoD Polyphenols References
g reduction (%) | reduction (%)

Activated Sluged 0,81 90 (Bzrggg;ﬂerl etal.
0
Q —
%) Petruccioli et
§ JLR 0.4-5.9 2.1-4.4d 94-98 65-75 al. (2002)
= AMBB Oliveira et
o | (ATR: 20 min hour?) 0.45-1.00 15d 99 94 al.( 2009)
2 Artiga et al.
<) -
E MBR 0.5-2.2 1.8d >97 (2005,2007)

SBR 0.8-1.3 24h >90 (Tloggg")s* etal.
£ FBBR 0.4-5.5 91 ér(])%rSe)ottola etal.
S
© |seBR 46:9.0 10h 86-99 (Az':)%rg)"“o'a etal

Andreottola et al.

» UASB 2-15 43-48h 80-98 (1998);
Q Moletta (2005)
7]
3 ASBR 8.6 2.2d >08 Ruiz et al. (2002)
o
5 ) Molina et al.
o . .
5 Hybrid USBF 5-13 > 20h 85-98 (2007)
ie)
o Anaerobic Filters 5-20 20-38h 88-98 Moletta (2005)
Q —
@ |Fluidised bed 15-30 80-98 Moletta (2005)
< reactors

Constructed wetlands 14d 77-88 Mulidzi (2007)

The great advantage of some oxygen injection techniques in wastewater treatments is the
increment of the contact time between the dissolved oxygen with the biomass and the
dissolved organic material. When comparing different aeration techniques, the efficiency
removal, oxygen transfer efficiency and energy spent are important operational key
parameters to select the most appropriate technology, because it is difficult to get dissolved
oxygen into the bioreactor a lot of energy is lost in the process of oxygen mass transfer from
the gas to the liquid phase. The more oxygen transferred per kilowatt hour, the more energy

efficient the system.

Biological treatment of winery effluents requires a power supply, proportional to the organic
loading rate, 3 kWh per kg COD d™ (ITV, 2000). Previous research on the AMBB, revealed to
be a good option for the seasonal WW treatment assessed by the COD removal efficiency in
addition to the suitability of the treated effluent to be used for irrigation (Oliveira et al. 2009).

Taking in account that the experimental work developed in this dissertation seems important
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to describe in more detail the bioreactor AMBB. This is composed of a high efficiency Venturi
injector (HEVI) coupled with mass transfer multiplier nozzles (MTM), one circulated pump,
and with a cylindrical shape. The MTM nozzles discharge the air/water mixture from the
HEVI into the bottom of the bioreactor (Oliveira et al. 2009). The flow diagram of the AMBB is
shown in Figure 2.6.

Sludge
recirculation

A
A Purge
Recirculation
v
| Wastewater
.;;;__:/ 7 - Sludge

| Flow diagram of the air micro-bubble bioreactor. 1-Bioreactor; 2-Settler;
3-Venturi injector; 4-Recirculation pump.

Figure 2.6 — Flow diagram of the AMBB (Source: Oliveira et al. 2009).

In the present study, we report for the first time the impact of oxygen-limited conditions in the
AMBB performance with emphasis on the efficiency energy use. The results obtained from
different combinations concerning the OLR and the ATR provide key information needed to
assess the efficiency of the system. The PI polyphenol, energy costs of treated wastewater
and COD removal efficiency achieved in pilot scale show the technical feasibility of the

process, giving a sustainable solution for this important sector of activity.
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Chapter 3.

3. Materials and methods. Results and discussion
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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 kg COD m™ day™) and aeration time rate (1, 5 and 15 min h™)
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.

Keywords: Air Micro-Bubble Bioreactor; aeration time rate; COD removal efficiency; winery

wastewater
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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 4.70x10°> m* per year (INE, 2008), which also contributes for the high
relevance of the wine sector to the country economy. During the last decade, the perceived
higher quality of the Portuguese wines has been recognized worldwide and despite a small
decrease of area under vines (-3%) and of wine production (-2%), Portugal is actually

included in the Top 10 list of wine exporter countries in the world (Castellucci, 2012).

The winemaking process, which includes well-defined and standardized operations (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 is generated
mainly as the result of 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 is highly variable, 0.5
to 14 m°® of water per m® of wine (Moletta, 2009; Van Schoor, 2005). The wastewater from the
second racking period, which occurs when the fermentation activity is completed, is
considered one of the most polluting due to the high content of organic load and total
suspended solids concentration which may reach huge values 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.
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Winery wastewater is characterized for a high content of organic compounds, consisting of
highly soluble sugars, alcohols, acids and recalcitrant high molecular weight compounds,
such us 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 treatment system, as well as into the environment (Malandra

et al., 2003; Strong and Burgess, 2008).

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
particularly 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.

Several processes are available to reduce the organic load of the winery wastewater, namely
physico-chemical processes, which include oxidation (Beltran de Heredia et al, 2005; Lucas
et al., 2009) and adsorption to compounds (Rizzo et al., 2010); biological processes, based
on upflow anaerobic sludge blankets (Moletta, 2009); membrane bioreactors (Bolzonella, et
al., 2010); sequencing batch reactors (Andreottola et al., 2002; Torrijos & Moletta, 1997);
conventional activated sludges (Brucculeri, et al., 2005); jet loop reactors (Eusébio, et al.,
2005; Petruccioli, et al. 2002); air micro-bubble bioreactors (Meyer, et al., 2004; Oliveira et
al., 2009) and constructed wetlands (Grismer et al., 2003; Mulidzi, 2007). The biological
treatment of agro-industrial wastewater depends on the oxidative activities of competent
microbes able to degrade carbon sources. The biodegradation of some recalcitrant
compounds, such as polyphenols, is usually related to oxidoreductase enzymes that are
dependent on the microbial strain, presence of inducers, composition of the culture medium
and type of culture conditions (Luke and Burton, 2001; Minussi et al., 2007; Strong and

Burgess, 2008). The dissolved oxygen concentration, considered a secondary selective
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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 optimized.

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 second racking period, as a
function of organic loading rate and aeration time. The total polyphenol compounds were

also followed. The AMBB performance was compared between runs.

2. Materials and methods

2.1. Physico-chemical analyses of winery wastewater

The winery wastewater was collected during the 2™ 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 dm?® of red wine per year. Three composite samples were taken and
stored at 4 °C, until characterization. The physico-chemical characterization was carried out
in duplicate, according to the Standard Methods (American Publication Health Association,
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 suspended solids (VSS), total phosphorus, total nitrogen,
nitrate and total polyphenolic compounds (Folin-Ciocalteau Method). Total COD
concentrations, total phosphorus, nitrate and total nitrogen were determined by

spectrophotometric methods using the Spectroquant NOVA 30 A photometer (Merck). The
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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 AMBB?2) fabricated from rigid transparent
PVC tube with a total volume of 15 dm® 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).

Both AMBB bioreactors were operated in continuous mode with a hydraulic retention time of
14 days and were inoculated with 14 dm® of fresh winery wastewater, from the 2" racking
period. Acclimated biomass from other working periods was used to supplement AMBB1 and
to achieve an initial mixed liquor volatile suspended solids (MLVSS) value of 2 kg m?®. The
bioreactor AMBB2 was inoculated with biomass collected from the first, to attain a similar
MLVSS concentration. Neither nutrients nor pH adjustments were done. The mixed liquor
recirculation was held with a flow rate of 2.4 m*h™ corresponding to an aeration flow rate of

0.12 m*h™. The bioreactors were operated under room temperature (approximately 22 °C).

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 (Tablel). The effect of OLR was assessed by adjusting feed substrate to 0.16-0.44
kg COD m™ day™, and the ATR varied between 1, 5 and 15 min h*. The AMBBL1 bioreactor
was evaluated throughout 113 days, by five different runs (R1 to R5) and AMBB2 was

followed during 54 days, by two different runs (R1 and R2).

To assess de AMBB performance, samples were collected every two days to analyze COD,

total polyphenols compounds, MLVSS, pH and conductivity.
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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 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 characterization

Samples from the WW of the 2" racking period were characterized to evaluate their polluting
loads (Table 2). The WW analysis showed acidic characteristics and a conductivity similar to
other working periods (Oliveira et al., 2009). The organic matter 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; Montalvo et al., 2010; Oliveira et al., 2009). Low nutrient
levels were found in this WW as compared to the organic load, resulting in an imbalance
COD:N:P ratio (100:0.10:0.05). This imbalance is usual for all operation periods, but
becomes more noticeable at this stage.

The total content of polyphenols (Table 2) showed variation between samples (0.18 to
0.36 kg m™®), probably related to different TSS contents (Day et al., 2011). The polyphenol
concentration range is however in accordance with data reported from other studies (Oliveira

and Duarte, 2011; Petruccioli et al., 2002; Pirra, 2005).
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3.2 Influence of aeration supply, under low organic loading rate

The AMBB was operated for 20 days with an OLR of 0.16 kg COD m™ day* and 15 min h™ of
ATR under saturated conditions (6 g O, m™), 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 COD concentrations occurred in parallel to the increase in
biomass (Fig. 1 and Fig. 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 oxygen supply. For this purpose, the ATR was changed to 5
min h* (AMBB1-R2). The decrease of the oxygen supply resulted in a temporarily high COD
concentration in the effluent (Fig. 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%. 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.

3.3 Influence of OLR

Aiming to verify the AMBB behavior under near-real conditions a 3" run assay was carried
out (AMBB1-R3). The OLR was approximately 2.5-fold increased and the ATR was
maintained (5 min h™), 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

kg m?to 1.8 kg m™ was detected (Fig. 1). This increase was probably related to the growth
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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. 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
kg COD m™ day™) but where the ATR was 20 min h™* (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, a 4™ assay (AMBB1-R4) was carried out under
oxygen-limited conditions. An ATR of 1 min h™* was applied, while the OLR was remained
constant (0.44 kg COD m™® day™). The reduction of the ATR was accompanied by an
increase of organic matter in the AMBB effluent. The COD removal efficiency was acceptable
but dropped to 70.0+0.6%. The biomass, assessed as MLVSS concentration, was slightly
affected (1.6 kg m~instead of 1.8 kg m™). 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 Fig. 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
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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 kg m™
(Fig. 1 and Fig. 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).

3.5 Evaluation of AMBB robustness

To validate the robustness of the AMBB treatment system a second 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 kg COD m*day™) and

only the two best ATR conditions were tested (5 min h™and 15 min h™).

Under an ATR of 15 min h™, 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
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may be related to biomass adaptation, as acclimated sludge from the first reactor (AMBB1)

was used as inoculums for the second 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™ 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).

With regard to runs under ATR of 5 min h™, 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 (Fig 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™ 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™, the run

AMBB1-R2 was carried out with 5 min h™ of ATR, evidencing a strong mutual correlation to
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form the primary cluster pairs with AMBB1-R2, which was designed with an ATR of 15 min h
!, 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™), 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™* of aeration for COD removal with a three-fold reduction in

the energy consumption.
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Table 1. Operating conditions of two Air Micro-Bubble Bioreactors (AMBB) at different runs

Aeration time OLR

Reactor Run rate (min h™) (kg COD m~>day™)
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

Table 2. Physico-chemical characteristics of winery wastewater from the 2 racking period

Parameter Units Amount

pH 2.8-3.7

Conductivity (mS cm™) 1.5-2.5

Total COD (kg m™®) 23.2-48.9
Soluble COD (kg m™®) 20.0-30.8
BODs (kg m™®) 6.99 — 16.4
Total nitrogen (kg N m™) 0.014 -0.032
Total phosphorus (kg P m?) 0.009-0.011
Total polyphenol (kg m™®) 0.18-0.36
TSS (kg m™® 1.32 —4.46

Table 3. AMBB performance under different operating conditions

Total
Aeration FIM COD Total Total polyphenol
time (kg BOD k3g CODip CODout Removal polyphenolis polyghenolout Removal
Run  (minh™ ssv'dm® (kgm™®) x10%(kgm?®) (%) x10° (kg m®)  x10° (kg m™) (%)
AMBB1 R1 15 0.07 2.28 94.7+3.1 95.8a 23 14+0.1 94.0a
R2 0.06 2.28 97.7£ 2.9 95.7 a 23 41+0.1 82.3b
R3 0.10 6.00 437145 93.3a 59 43.1+3.5 269¢c
R4 0.07 6.00 1812+28 70.0b 59 55.7 £0.5 56d
R5 15 0.08 6.14 353+10 94.1 a 73 19.3+1.8 73.6e
AMBB 2 R1 15 0.07 6.00 300 + 20 95.0a 59 18.3+2.9 69.5e
R2 5 0.07 6.14 914 + 24 84.7c 73 53.2+3.0 274c

AMBBL1: R1 and R2 at OLR = 0.16 kg COD m™ day™ and R3-R5 at OLR = 0.44 kg COD m” day™

AMBB2: R1 and R2 at OLR = 0.44 kg COD m™ day™

Values marked with the same letter are not statistically different (P = 0.05), according to Tukey’s test
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Chapter 4.

4. Conclusions

Due to lack of studies using the winery wastewater from only the second racking period, it
was important to understand the biodegradability of this particular wastewater.

In the present study, two AMBB bioreactors were used, with a working volume of 14 dm? and
a hydraulic retention time of 14 days, operating in continuous mode to treat winery

wastewater from second racking period, for seven different runs, during 167 days.

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. It is important to maximize the efficiency of a wastewater treatment plant,
but never forget their energy costs. In the present study, the actual spent energy is one third
of the equivalent aeration processes, and it operates with “near zero excess sludge”, thus the

process turns extremely competitive in terms of sludge handling and disposal costs.

The results achieved demonstrated that the treatment of winery wastewater from the 2™
period using an AMBB bioreactor, is technically robustness and feasible, and certainly at a
real scale the AMBB performance will comply with the legal requirements for reuse or
discharge of the winery wastewaters, leading to a more environmentally sustainable and

resource-efficient economy in the wine sector.

31



References

American Public Health Association, 2005. Standard Methods for the Examination of Water

and Wastewater, 21> ed, American Publication Health Association Washington, DC.

Andreottola, G., Foladori P., Ragazzi, M. & Villa, R. (2002). Treatment of winery wastewater
in sequencing batch bofilm reactor. Water Science and Technology Vol. 45, No.12, pp.
347-354.

Andreotolla, G., Foladori, P., Ziglio, G. 2009. Biological treatment of winery wastewater — an
overview. 5th International specialized conference on sustainable viticulture: winery waste
andecologic impacts in management. Trento and Verona. Italy, 30th March — 3rd April, pp.
35-42.

Arienzo, M., Christen, E.W., Quayle, W (2009a). Phytotoxicity testing of winery wastewater
for constructed wetland treatment. Journal of Hazardous Materials, 169 (1), 94-99.

Artiga, P., Ficara, E., Malpei, F., Garrido, J. M., Méndez, R. (2005) Treatment of two
industrial wastewaters in a submerged membrane biorector, Desalination, n.° 179, pp
161-169.

Artiga, P., Carballa, M., Garrido, J. M., Méndez, R. (2007). Treatment of winery wastewaters
in a membrane submerged bioreactor, Water Science and Technology, Vol. 56, n.° 1, pp.
63-69.

Asses, N., Ayed, L., Bouallagui, H., Sayadi, S., Hamdi, M., 2009. Biodegradation of different
molecular-mass polyphenols derived from olive mill wastewaters by Geotrichum
candidum. Inter. Biodeterior. Biodegrad. 63, 407-413.

Beltran de Heredia, J., Torregrosa, J., Dominguez, J.R., Partido, E. et al, (2005).
Degradation of wine distillery wastewaters by the combination of aerobic biological
treatment with chemical oxidation by Fenton's reagent Water Science and Technlogy, 51
(1), 167-174.;

Benitez, F.J., Beltran-Heredia, J., Real, F.J. & Acero, J.L., 1999a. Enhancement of the
ozonation of wine distillery wastewaters by an aerobic pretreatment. Bioprocess Eng. 21,
459-464.

Benitez, F.J., Beltran-Heredia, J., Real, F.J. & Acero, J.L., 2000. Wine vinasses treatments
by ozone and an activated sludge system in continuous reactors. Bioprocess Eng. 23,
149-154.

32


http://www.sciencedirect.com/science/article/pii/S0964830508002011
http://www.sciencedirect.com/science/article/pii/S0964830508002011
http://www.sciencedirect.com/science/article/pii/S0964830508002011

Bolzonella, D., Fatoce, F., Pavan, P., Cecchi, F. (2010). Appliation of a membrane bioreactor

for winery wastewater treatment. Water Science and Technlogy, 62 (12), 2754-2759.

Brito, A.G., Peixoto, J., Oliveira, J.M., Oliveira, J.A., Costa, C., Nogueira, R., Rodrigues, A.
(2007) Brewery and winery wastewater treatment: Some focal points of design and
operation in utilization of by-products and treatment of waste in the food industry. Springer
UsS, pp. 109-131.

Brucculeri, M., Bolzonella, D., Battistoni, P., Cecchi, F. (2005). Treatment of mixed municipal
and winery wastewaters in a conventional activated sludge process: a case study. Water
Science and Technology 51 (1), 89-98.

Castellucci, F., 2012. Statistical Report on World Vitiviniculture. OIV - International

Organisation of Vine and Wine Edition, 32 pp.

Cheong, D.Y., Hansen, C.L., 2008. Effect of feeding strategy on the stability of anaerobic
sequencing batch reactor responses to organic loading conditions. Bioresour. Technol.
99, 5058-5068.

Commission, European. Integrated Pollution Prevention and Control — Draft Reference
Document on Best Available Techniques in the Food, Drink and Milk Industry. Sevilha,
Espanha, 2003.

Curvelo-Garcia, A. (1988). Controlo de Qualidade dos Vinhos. Instituto da Vinha e do Vinho
IVV Eds, Portugal.

Day, P., Cribb, J., Boland, A. M., Shanahan, M., Oemcke, D., Kumar, A., Cowey, G., Forsyth,
K., Burgi, A., 2011. Winery Wastewater Management & Recycling - Operational
Guidelines. Grape and Wine Research and Development Corporation. Adelaide, SA
Editions, 84 pp.

Duarte, J. M., (2006) Considerac¢des sobre tecnologia de vinificacdo em tintos, Enovitis, Mar-
Mai 2006, n.° 4, pp 40-45.

Eusébio A., Mateus M., Baeta-Hall L., Almeida-Vara E., Duarte J.C., 2005. Microflora
evaluation of two agro-industrial effluents treated by the JACTO jet-loop type reactor
system. Water Sci. Technol. 51, 107-112.

Fernandez, B., Seijo, |., Ruiz-Filippi, G., Roca, E., Tarenzi, L. Lema, J. M. (2007)
Characterization, management and treatment of wastewater from white wine production,

Water Science and Technology, Vol. 56, n.° 2, pp 121-128.

33


http://www.ncbi.nlm.nih.gov/pubmed?term=Brucculeri%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15771103
http://www.ncbi.nlm.nih.gov/pubmed?term=Bolzonella%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15771103
http://www.ncbi.nlm.nih.gov/pubmed?term=Battistoni%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15771103
http://www.ncbi.nlm.nih.gov/pubmed?term=Cecchi%20F%5BAuthor%5D&cauthor=true&cauthor_uid=15771103

Grismer, M.E., Carr M.A., Shepherd H.L., 2003. Evaluation and constructed wetland
treatment performance for winery wastewater. Water Environ. Res. 75, 412-421.

INE, Contas Econdmicas da Agricultura - série 1980-2006 e Rendimento Agricola 2007 - 2.2

estimativa

INE-National Institute of Statistics, 2008. Wine production declared, expressed in grape

must, by wine regions, Portugal.

INE-National Institute of Statistics, 2012. Estatisticas Agricolas 2011, INE, Edicdo 2012;
ISSN 0079-4139

ITV. (2000). Les filie'res d’e’puration des effluents vinicoles. ITV France/Onivins/Groupe
technique des effluents vinicoles, Paris, France. Gimeno, O., Rivas, F.J., Beltran, F.J.,
Carbajo, M. (2007). Photocatalytic ozonation of winery wastewater. J. Agr. Food Chem.,
55, 9944-9950.

Goss, P. 2006. Cleaner production: it’s easier than you think. Australian Society of Viticulture
and Oenology Proceedings: Maximizing the Value — Maximize Returns Through Quality
and Process Efficiency. 12 Oct. 2006:34-35

Grismer M.E., Carr M.A., Shepherd H.L. (2003). Evaluation and constructed wetland

treatment performance for winery wastewater. Water Environment Research, 75, 412-421.

Grocke S, Kumar A, Doan H, Gonzago D, Correll R (2009) Evaluation of the organic load

measurements in the winery processes. Poster. CSIRO. Adelaide SA.

Kachouri, S., Halaouli, S., Lomascolo, A., As the,r M., Hamdi, M. (2005), Decolourization of
Black Oxidized Olive-Mill Wastewater by a New Tannase-Producing Aspergillus flavus
Strain Isolated from Soil, World Journal of Microbiology and Biotechnology, 21 (8-9),
1465-1470.

Keyser, M., Wittuhn, R. C., Ronquest, L.-C., Britz, T. J. (2003) Treatment of winery effluent
with upflow anaerobic sludge blanket (UASB) - granular sludges enriched with

Enterobacter sakazakii, Biotechonology Letters, 25, pp. 1893-1898.

Jancis Robinson (ed) "The Oxford Companion to Wine" Third Edition, Oxford University
Press 2006 ISBN 0-19-860990-6

Jourjon, F.; Racault, Y. et Rochard, J. (2001). Effluents vinicoles: gestion et traitements.

Editions Féret, Bordéus (Franca), 240 pp.

34


http://www.springerlink.com/content/?Author=S.+Kachouri
http://www.springerlink.com/content/?Author=S.+Halaouli
http://www.springerlink.com/content/?Author=A.+Lomascolo
http://www.springerlink.com/content/?Author=M.+Asther
http://www.springerlink.com/content/?Author=M.+Hamdi
http://www.springerlink.com/content/p722j36826302683/
http://www.springerlink.com/content/p722j36826302683/
http://www.springerlink.com/content/p722j36826302683/
http://www.springerlink.com/content/0959-3993/
http://www.springerlink.com/content/0959-3993/21/8-9/

Lucas, M.S., Peres, J.A., Lan, B.Y., Puma, G.L. (2009). Ozonation kinetics of winery
wastewater in pilot-scale bubble column reactor. Water Research, 43, 1523-1532.

Luke, A.K., Burton, S.G., 2001. A novel application for Pseudomonas putida progress from
batch culture to a membrane bioreactor for the bioremediation of phenols. Enzyme
Microb. Tech. 29, 348-356.

Ma, Y., Peng, Y., Wang, S., Yuan., Z., Wang, X. 2009. Achieving nitrogen removal via nitrite

in a pilot-scale continuos pre-denitrification plant. Water Res. 43, 563-572.

Malandra, L. Wolfaardt, G., Zietsman, A., Viljoen-Bloom, (2003). Microbiology of biological

contactor for winery wastewater treatment. Water Research, 37, 4125-4134.

Melamane, X., Tandlich, R., Burgess, J. (2007). Anaerobic digestion of fungally pre-treated
wine distillery wastewater, African Journal of Biotechnology Vol. 6 (17), pp. 1990-1993.

Metcalf & Eddy, Inc. WasteWater Engineering, Treatment, Disposal and Reuse. Boston:
McGraw-Hill, Inc, 2003.

Meyer, R.M., Mazzei, A.L., 2004. Aerobic treatment of winery wastewater utilizing new
aeration technology, in Proceedings of 3rd International Specialized Conference on

Sustainable Viticulture Winery Wastes Management, Barcelona, pp. 353-355.

Minussi, RC, Rossi, M, Bologna, L, Rotilio, D, Pastore, GM, Duran, N. (2007). Phenols
removal in musts: strategy for wine stabilization by laccase. Journal of Molecular Catalysis
B.; 45(3-4):102-107.

Moletta, R. (2009). Biological treatment of wineries and distillery wastewater. Proceedings of
5th International Specialized Conference on Sustainable Viticulture Winery Wastes and
Ecological Impact Management. pp. 389-398, ISBN 978-88-8443-284-1, Trento and
Verona, 30 Mar-3 Apr.

Moletta, R. (2005). Winery and distillery wastewater treatment by anaerobic digestion. Water
Science and Technology, 51 (1), 137-144.

Montalvo, S., Guerrero, L., Rivera, E., Borja, R., Chica, A., Martin, A., 2010. Kinetic
evaluation and performance of pilot-scale fed-batch aerated lagoons treating winery

wastewaters. Bioresour. Technol. 101, 3452-3456.

Mosteo R., Ormad M.P. And Ovelleiro J.L. (2007) Photo-Fenton processes assisted by solar
light used as preliminary step to biological treatment applied to winery wastewaters, IWA

Publishing, Water Science and Technology, Vol 56 No 2 pp 89-93.

35


http://www.sciencedirect.com/science/article/pii/S0960852409017660
http://www.sciencedirect.com/science/article/pii/S0960852409017660
http://www.sciencedirect.com/science/article/pii/S0960852409017660

Mulidzi, A. R., 2007. Winery wastewater treatment by constructed wetlands and the use of

treated wastewater for cash crop production. Water Sci. Technol. 56, 25-31.

Nair, C.l., Jayachandran, K., Shashidhar , S., 2008. Biodegradation of phenol. African J.
Biotechnol. 7, 4951-4958.

Oliveira, M. and Duarte, E. (2011). Winery Wastewater Treatment - Evaluation of the Air
Micro-Bubble Bioreactor Performance, Mass Transfer - Advanced Aspects, Dr. Hironori
Nakajima (Ed.), ISBN: 978-953-307-636-2.

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

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

Pandey RA, Malhotra S, Tankhiwale A, Pande S, Pathe PP, Kaul SN (2003). Treatment of
biological treated distillery effluent — A case study. Int. J. Environ. Stud. 60: 263-275.

Pepi, M., Lampariello, L.R., Altieri, R., Esposito, A., Perra, G., Renzi, M., Lobianco, A., Feola,
A., Gasperini, S., Focardi, S.E. (2010). Tannic acid degradation by bacterial strains
Serratia spp. and Pantoea sp. isolated from olive mill waste mixtures. International
Biodeterioration & Biodegradation, 64 (1), 73-80.

Petruccioli, M., Cardoso Duarte, J., Eusebio, A. and Federici, F. (2002). Aerobic treatment of
winery wastewater using a jet-loop activated sludge reactor. Process Biochem., 37, 821—
829.

Petruccioli, M.; Duarte, J.C.; Federici, F. High rate aerobic treatment of winery wastewater
using bioreactors with free and immobilized activated sludge. J. Biosci. Bioeng. 2000, 90,
381-386.

Pévost, M., and Gouzenes, E.,2003, Le traitment des effluents vinioles du basin adour

garonne, Adour Garonne.Revue de l'agence de I'Eau, 86:1.

Pirra, A. (2005). Caracterizacao e tratamento de efluentes vinicolas da Regiao Demarcada
do Douro, PhD thesis, UTAD, Portugal.

Quan, Y., Han, H., Zheng, S., 2012. Effect of dissolved oxygen concentration (microaerobic
and aerobic) on selective enrichment culture for bioaugmentation of acidic industrial

wastewater. Bioresour. Technol. 120, 1-5.

Racault, Y. and Lenoir, A. (1994). Evolution des charges polluantes de deux caves vinicoles
du Sud-Ouest de la France sur un cycle annuel. In: Congre’s international du traitement

des effluents vinicoles, Narbonne — Epernay, France, pp. 37-43.

36


http://www.sciencedirect.com/science/article/pii/S0964830509001954
http://www.sciencedirect.com/science/article/pii/S0964830509001954
http://www.sciencedirect.com/science/article/pii/S0960852412009236
http://www.sciencedirect.com/science/article/pii/S0960852412009236
http://www.sciencedirect.com/science/article/pii/S0960852412009236

Ricardo-da-Silva, J. M., Sousa, |., Laureano, O. (2003) Factores condicionantes dos
processos de vinificacdo e conservacdo na cor de vinhos portugueses, X Congresso
Brasileiro de Viticultura e Enologia, pp. 69-86.

Rizzo, L., Lofrano, G., Belgiorno, V., 2010. Olive mil and winery wastewater pre-treatment by
coagulation with chitosan. Separ. Sci. Technol. 45, 2447-2452.

Rodrigues, A. C., J. M. Oliveira, J. A. Oliveira, J. Peixoto, R. Nogueira, e A. G. Brito.
“Tratamento de efluentes vitivinicolas: um caso de estudo na regido dos vinhos verdes.”
Industria e Ambiente, 2006: 20-25.

Saravanan, P., Pakshirajan, K., Saha, P., 2008. Biodegradation of phenol and m-cresol in a
batch and fed batch operated internal loop airlift bioreactor by indigenous mixed microbial
culture predominantly Pseudomonas sp. Bioresour. Technol. 99, 8553-8558.

Strong, P. J., Burgess, J. E., 2008. Treatment Methods for Wine-Related and Distillery
Wastewaters: A Review. Biorem. J. 12, 70-87.

Torrijos, M., Moletta, R., 1997. Winery wastewater depollution by sequencing batch reactor.
Water Sci. Technol. 35, 249-257.

Van Schoor, L.H., 2005. Guidelines for the management of wastewater and solid waste at

existing wineries. Winetech, 35 pp.

Vlyssides A. G., Berampouti E. M., Mai S. (2005), Wastewater characteristics from Greek
wineries and distilleries, IWA Publishing, Water Science and Technology, 51 (1), 53-60.

Zheng, S., Cui, C. 2012. Efficient COD removal and nitrification in an upflow microaerobic

sludge blanket reactor for domestic wastewater. Biotechnol. Lett. 34,471-474.

37


http://www.sciencedirect.com/science/article/pii/S0960852408003131
http://www.sciencedirect.com/science/article/pii/S0960852408003131
http://www.sciencedirect.com/science/article/pii/S0960852408003131
http://www.ingentaconnect.com/content/tandf/bbrm;jsessionid=gowy0p6s9a4.alexandra

