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There is a global need for the implementation of more cost-effective green technologies for the treatment 

of effluent from wineries. However, systems reliant on microbial biodegradation may be adversely 

affected by the highly seasonal character of cellar waste. In this study, the biodegradation of two different 

formulations of winery effluent in sand bioreactors was compared. The degradation of organic substrates 

and formation of metabolites was monitored by physicochemical analyses of pore water and final 

effluent samples. Changes in the bacterial  community structures were  detected using molecular 

fingerprinting. In wastewater with an overall COD of 2027 mg/L, a formulation with a high concentration 

of acetate (800 mg COD/L) was more recalcitrant to degradation than a formulation with a high con- 

centration of glucose (800 mg COD/L). Ethanol, glucose and phenolics were degraded preferentially in 

the deeper layers of the sand bioreactors (average Eh 25 mV) than in the superficial layers (average Eh 

102 mV). The redox status also played a pivotal role on the bacterial community composition. The study 

yielded valuable insight that can be utilized in the design (configuration and operation) of full scale sand 

bioreactors. 

 

 
 

 
1. Introduction 

 

The wine industry is a significant contributor to the global 

environmental wastewater burden, generating between 1 and 4 L of 

effluent for each litre of wine produced (Bolzonella and Rosso, 

2013). The bulk of winery wastewater emanates from cleaning 

equipment, vats and floors of wine cellars during seasonal activities 

associated with winemaking (Bories and Sire, 2010; Vlyssides et al., 

2005). Winery effluent is typically characterized by a high chemical 

oxygen demand (COD) and low pH. However, the volume, COD 

range, and organic composition is directly related to cellar activities, 

including must production, fermentation processes, maturation/ 

stabilization processes, and decanting, and is thus prone to seasonal 

variation (Bolzonella and Rosso, 2013; Vlyssides et al., 2005). 

 
 

 

Abbreviations: SB, sand bioreactor; COD, chemical oxygen demand; GAE, gallic 

acid equivalents; SW, synthetic winery wastewater; VFA, volatile fatty acid. 
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Each grape varietal also has a unique organic fingerprint, so that, for 

example, wastewater generated during crushing of late harvest 

grape varietals has a comparatively high sugar and low phenolic 

content, while the converse is true for wastewater generated during 

the crushing of early harvest red grape varietals (Bolzonella and 

Rosso, 2013; Devesa-Rey et al., 2011; Malandra et al., 2003). 

In many countries, effluent COD is used as a benchmark by 

regulatory authorities when determining wastewater discharge 

requirements for biodegradable industrial wastewater, and in most 

instances, no further characterization of the organic fraction is 

required (Andreoletta et al., 2009; Aybar et al., 2007; Mosse et al., 

2011). However, in terms of biodegradability, there is consider- 

able variation in the ratios of the different fractions of winery 

effluent, including readily biodegradable sugars, moderately 

biodegradable alcohols and slowly biodegradable/recalcitrant 

phenolics (Devesa-Rey et al., 2011; Malandra et al., 2003; Vlyssides 

et al., 2005). 

There is a gap in the knowledge quest for a holistic under- 

standing of biological organic winery wastewater treatment pro- 

cesses, particularly concerning the degradation and formation of 

different substrates and metabolites, respectively. There are scant 
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literature descriptions which detail the chemical composition of 

winery wastewater during or after treatment. Ganesh et al. (2010), 

distinguished between volatile fatty acid (VFA) and non-VFA COD in 

conventional activated sludge and membrane bioreactor systems 

treating winery effluent, and De la Varga et al. (2013), measured 

methane and carbon dioxide emissions in subsurface flow con- 

structed wetlands. Other studies have limited the analyses to COD 

and/or total phenolic removal when assessing the performance of 

biological systems used for the treatment of winery wastewater. 

Sand bioreactors (SBs) have been shown to be effective for the 

treatment of winery wastewater (Ramond et al., 2013; Welz et al., 

2012). For comparative purposes, these systems may be seen as 

biological sand filters or (unplanted) constructed wetlands. The 

simplicity of SBs makes them particularly suited to small wineries 

that are not connected to municipal reticulation systems or do not 

have access to the expertise and/or funding required to operate 

sophisticated systems. In this study, SBs were amended with two 

different formulations of synthetic winery wastewater and results 

compared. The primary aim of the study was to determine how 

differences in wastewater composition would affect the metabolic 

processes of the functional microbial consortia. This was achieved 

by (i) chemically characterizing pore water samples taken at 

different spatial points in the systems, and (ii) determining the 

similarities in the microbial community structures in the same 

spatial niches before and after amendment with two different 

formulations of synthetic winery wastewater. 

 

2. Materials and methods 

 

2.1. Sand bioreactors (SBs) 
 

In this study, three SBs, consisting of polyethylene structures 

(1.73 m in length, 1.06 m in width) containing river sand to a depth 

of 0.3 m, with a  total volume  of  0.502  m3  and  porosity  of 

292 ± 20 L/m3 (n ¼ 6), were used. Two of the SBs were designated 

as experimental replicates (SB1, SB2) and one was designated as a 

control (SBC) (Fig. 1). The hydraulic properties and local availability 

were the most important factors taken into consideration when 

choosing the sand substrate. The sand is readily available in the 

environs of the Cape Town, Stellenbosch and Paarl winemaking 

areas of South Africa and exhibits good hydraulic drainage prop- 

erties with a hydraulic conductivity (k) of 2.8 10 4  m/s. The 

average saturated permeation rate of effluent flow from the three 

systems before feeding/amendment was 93 ± 29 L/m3 sand day 1 

(n ¼ 12). All SBs were pre-inoculated with the same volume of sand 

taken from systems previously amended with winery wastewater 

and synthetic winery wastewater. 

 

2.1.1. Set-up, medium and mode of operation 

All systems were operated in batch mode with alternating pe- 

riods of plugging, filling, unplugging (after 48 h), draining and 

resting. The systems were fed/amended twice weekly with basal 

nutrient solution or basal nutrient solution plus synthetic winery 

wastewater (Table 1). For approximately 2 h after unplugging, 

effluent outflow was rapid, after which it slowed to a drip. The 

influent was pumped via drip irrigation onto the inlet surface of the 

systems at a maximum pumping rate of 0.67 L/min. The outlets 

were located on the opposite (longitudinal) side to the inlet, and at 

the bottom of the polyethylene containers. The flow of wastewater 

thus took place both longitudinally and vertically towards the 

outlet. 

 

2.1.2. Feeding and amendment procedures 

In order to compare the bacterial communities, each SB was 

initially allowed to equilibrate for 14 weeks before amendment. 

During the equilibration period, all systems were fed with low 

 

 
 

Fig. 1. Schematic diagram showing set-up, operation and sampling procedures used during the study. 
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Table 1 

Operating parameters applied to the sand bioreactors during the study period. 
 

Parameter Week SBC SB1, SB2 

2.3.  Characterization of influent, effluent and pore water 

 

COD concentrations were determined using a Merck Spec- 
® 

HLR (L/m3 sand day 1) 1e37 22.9 22.9 troquant®  Pharo instrument and Merck Spectroquant cell tests 

OLR (g COD/m3 sand day 1) 1e14 0.6 0.6 

15e17 0.6 12.0 

18e20 0.6 46.4 

21e25 0.6 0.6 

26e28 0.6 12.0 

29e31 0.6 46.4 

(1.14895.0001, 1.14541.0001 and 1.14691.0001) for a range of COD 
concentrations together with all relevant controls and standards 

according to the manufacturer's instructions. 

Identification and quantification of sugars, acids, alcohols and 

phenolics, as well as the conversion of concentrations into COD 

equivalents and compilation of metabolic profiles was performed 

using  reverse  phase  high  performance  liquid  chromatography 

Influent COD (mg/L)a
 

SW1/SW2:COD ratio 10:10:1:1 

Ethanol:acetate:vanillin:gallic 

acid/ethanol:glucose:vanillin:gallic  acid 

1e14 27 27 

15e17 27 527 (SW1) 

18e20 27 2027 (SW1) 

21e25 27 27 

26e28 27 527 (SW2) 

29e31 27 2027 (SW2) 

(HPLC), and the same equipment, methods and calculations as 

previously described (Welz et al., 2011, 2012). 

The concentration of total phenolics was determined using the 

FolineCiocalteu micro method for total phenolics in wine, based on 

the method reported by Slinkard and Singleton (1977), using 

FolineCiocalteu reagent (Merck). Gallic acid monohydrate (Sig- 
SW ¼ synthetic winery wastewater; HLR ¼ hydraulic loading rate; OLR ¼ organic 
loading rate; COD ¼ chemical oxygen demand. 

COD, OLR values include contributions by glucose in feed. 

Shaded areas denote the applicable parameters and periods used for this study. 
a 

Includes contribution from glucose (27 mg COD/L) in basal nutrient solution. 

 

 

concentrations of basal nutrients, as previously described by 

Ramond et al. (2012). In this manuscript, addition of basal nutrients 

is referred to as “feeding” and microbial stabilization as “equili- 

bration”. The basal nutrients consisted of 1 g yeast extract (Biolab® 

Midrand, South Africa) and 1.0 g chemically pure D (þ) glucose 

(Mer ® Darmstadt, Germany) dissolved in 40 L tap water with a 

final COD concentration of 27 mg/L. 

After equilibration, synthetic winery wastewater was added to 

the influent to SB1 and SB2 (referred to as “amendment” in this 

manuscript;  Table  1).  An  incremental  priming  procedure  was 

adopted, whereby the synthetic winery wastewater was added in 

increasing concentrations in order to induce acclimation of the 

microbial communities as previously described (Welz et al., 2011). 

This study compares the results for two different synthetic 

winery wastewater formulations, the first consisting of ethanol, 

acetate, vanillin and gallic acid in a 10:10:1:1 ratio (SW1; Table 1) 

and the second consisting of ethanol, glucose, vanillin and gallic 

acid in the same respective ratio (SW2; Table 1). The final COD for 

both formulations was 2027 mg/L. 

 

2.2. Effluent, pore water and sand sample collection 

 

Samples of effluent were collected for the period of 90 s 

immediately after unplugging the systems (48 h post feeding/ 

amendment). Pore water samples were extracted 24 h and 48 h 

after feeding/amendment, the latter before unplugging the sys- 

tems. The pore water samples were taken using syringes to extract 

samples from the bottom of in-situ polyvinyl chloride pipes, 

perforated at appropriate depths (Fig. 1). The in-situ pipes were 

located longitudinally 0.3 m from the inlet and outlet and either 

perforated between 0 and 5 cm (surface samples) or between 20 

and 25 cm (deep samples). All samples were analyzed immedi- 

ately after collection. 

Sand samples were extracted from pre-designated sites using a 

Perspex® corer (internal diameter of 2.5 cm) from each SB after 

equilibration (baseline) and after amendment with SW1 and SW2. 

Three samples were taken from each SB from the inlet and outlet. 

Two fractions, i.e. the surface (0 to 5 cm) fraction and deep (  20 

to 25 cm) fraction of each sample, were set aside. Each triplicate 

fraction from the inlet and outlet were pooled and thoroughly 

mixed. Thus, four pooled samples (deep inlet and outlet, surface 

inlet and outlet) were analyzed for each SB (Fig. 1). 

mae     ®   St. Louis, USA) standards were prepared in-house 
and results were expressed as mg/L in gallic acid equivalents 

(GAE) determined from a standard graph. The same method was 

used to convert concentrations of catechol, vanillin and vanillic acid 

(Sigmae ® into GAE for the compilation of additional 

phenolic profiles. 

The redox potential (Eh) and pH of freshly collected pore water 

samples were determined using a pH 700 meter and relevant 

probes (Eutech Instruments, Singapore). 

 
 

2.4. Bacterial community fingerprinting 

 

2.4.1. Metagenomic DNA extraction 

Total metagenomic DNA was extracted from 0.5 g sand samples 

(wet weight) using the Powersoil DNA isolation kit ac- cording 

to the manufacturer's instructions (MoBio laboratories, 

Carlsbad, USA). 

 
 

2.4.2. PCR amplification, purification and restriction digest 
16S rRNA gene sequences were amplified by polymerase chain 

reaction (PCR) using the universal bacterial primers E9F (50 - 

GAGTTTGATCCTGGCTCAG-30 )  and  U1510R  (50 -GGTTACCTTGTTAC- 

GACTT-30) (Marchesi et al., 1998; Reysenbach and Pace, 1995). PCR 

reactions were carried out in 50 mL reaction volumes, each con- 

taining 1 DreamTaq PCR Mastermix (Fermentas, Burlington, 

Canada), 0.5 mM of each primer, 0.1% (w/v) bovine serum albumin 

(BSA) and between 10 and 20 ng of metagenomic DNA. Amplifi- 

cation was carried out in a Touchgene Gradient Thermal Cycler 

(Techne, Minneapolis, USA) using the following programme: 4 min 

at 94 C for denaturation; 30 cycles of 30 s denaturation at 94 C, 

30 s annealing at 52 C and 105 s elongation at 72 C, and a final 

elongation step of 10 min at 72 C. All PCR products were analyzed 

on a 2% (w/v) agarose gel and the amount of amplified product 

present in each sample quantified using a Nanodrop (ND-2000) 

spectrophotometer. 

To perform terminal restriction fragment length polymorphism (T-

RFLP) analyses, the E9F primer was labelled with 6-carboxy 

fluorescein (FAM) at the 50-end and the PCR products were purified 

using the NucleoSpin gel and PCR clean up kit as directed by the 

supplier (Macherey-Nagel, Duren, Germany) and quantified by 

Nanodrop spectrophotometry.  Purified   PCR  products   (approx. 

100 ng) were digested with the restriction enzyme, HaeIII for 3 h at 

37  C. Thereafter the restriction enzyme was inactivated by heating 

at 80 C for 10 min. The digested products were visualized on a 2% 

(w/v) agarose gel. The digested products were used for T-RFLP 

analysis. 
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2.4.3. Terminal-restriction fragment length polymorphism (T-RFLP) 

analysis 

Bacterial community structures were assessed by T-RFLP 

fingerprinting using the 16S rRNA gene as a marker. Digested 

samples were diluted 1 in 2 in nuclease free distilled water and 

analyzed at the Central Analytical Facility at Stellenbosch University 

by capillary electrophoresis using the Applied Biosystems DNA 

Sequencer 3130xl (Applied Biosystems, Foster City, USA). The pre- 

cise lengths of the terminal restriction fragments (T-RFs) were 

determined according to the molecular weight standard ROX1.1 

(with an acceptable error of ±1 bp). Prior to fragment analysis, 

samples were denatured at 95   C for 5 min and stored on ice for 

5 min; 4 mL of each digested product was mixed with the internal 

size standard and formamide, and analyzed directly by capillary 

electrophoresis (50 cm capillary, POP7 polymer). 

T-RFLP patterns and quality were analyzed using the freeware, 

PeakScanner™ (version 1.0) (Applied Biosystems, https://products. 

appliedbiosystems.com). The data table was exported in .csv format 

and converted to tab-delimited text format for the online software, 

T-REX (http://trex.biohpc.org/; Culman et al., 2009), and a label file 

with sample names was created. These two tab-delimited text files 

were used to create large data matrices through the use of the T- 

REX software. Peak height was used to characterize each unique T- 

RF and only peaks at positions between 30 and 500 bp were 

considered in order to avoid T-RFs caused by primer-dimers and to 

obtain peaks within the linear range of the internal standard (Singh 

et al., 2006). The relative abundance of a T-RF in a T-RFLP profile 

was calculated by dividing the peak height of the sample (T-RF) by 

the total peak heights of all the samples (T-RFs in the profile). T-RFs 

with intensities lower than 0.5%, which may have originated from 

background interference, were excluded from the matrices thereby 

minimizing the effect of the variations in the T-RFLP profiles caused 

by the starting quantities of DNA (Singh et al., 2006; Ding et al., 

2013). 

 

2.4.4. Statistical analyses 

Data matrices obtained from T-REX were exported to Microsoft 

Excel and analyzed through the software, Primer 6 (Primer-E Ltd, 

UK). The community structures obtained by the T-RFLP data were 

square-root transformed to resemble a BrayeCurtis similarity to 

establish the cluster analysis (group average linkage) and non- 

metric multidimensional scaling (NMDS) plots. 

 

3. Results and discussion 

 

3.1. COD removal in sand bioreactors 

 

3.1.1. Overall COD removal 
To ascertain overall organic removal, the weekly effluent COD 

concentration was measured. The same temporal trends were seen 

in both experimental replicates (SB1 and SB2) (Fig. 2A). However, 

although the set-up, mode of operation and experimental protocol 

was identical, during amendment with high concentrations of SW1 

(containing acetate), there were notable differences in the results 

obtained from SB1 and SB2. Differences were also found in the 

microbial community structures in SB1 and SB2 (Section 3.4). This 

reiterates the need to replicate experiments of a biological nature, 

even if conducted on a relatively large scale (Hurlbert, 2013; 

Morrison and Morris, 2000). 

As hypothesized, the effluent COD was higher during amend- 

ment with SW1 (containing acetate), than with SW2 (containing 

glucose) at the end of the respective experimental periods (week 20 

and 31). Although the highest COD concentration was measured 

during amendment with SW2 (during week 30), a dramatic 

decrease was seen during week 31. In contrast, during amendment 

with SW1, there was an increase in effluent COD from week 19e20. 

This finding strongly suggests that the microbial communities had 

rapidly adapted (acclimated) to SW2, but not SW1 at this stage 

(Welz et al., 2012). The COD of the control system (SBC) was 

consistently less than 25 mg/L (data not shown). 

 

3.1.2. COD removal in spatial niches of sand bioreactors 

In order to link qualitative and quantitative organic degradation 

taking place in four different spatial niches of the SBs, pore water 

samples were extracted from the surface and deep substrata at the 

inlet and outlet (Fig. 2BeE). The COD concentrations measured 

during amendment with SW2 were typically lower than those 

measured during amendment with SW1 in all niches, particularly 

at high influent concentrations. This clearly demonstrated that, as 

expected, the wastewater containing acetate was more recalcitrant 

than that containing glucose. From week 18 until the end of the 

experiment, the lowest COD concentrations were measured at the 

deep outlet, irrespective of the wastewater composition. During 

amendment with SW1, the highest COD concentrations were found 

at the deep inlet (Fig. 2C), while during amendment with SW2, the 

highest concentrations were found at the  superficial  outlet 

(Fig. 2D). Further qualitative analyses and discussion on possible 

reasons for these differences are presented in Section 3.3. 

 

3.2. Non-phenolic metabolism in spatial niches of sand bioreactors 

 

During amendment with increased concentrations of SW1 and 

SW2 (2027 mg COD/L), notable qualitative and quantitative differ- 

ences were found in the substrate and metabolite profiles compiled 

from analysis of pore water samples taken from the different spatial 

niches: superficial inlet (Fig. 3A), deep inlet (Fig. 3B), superficial 

outlet (Fig. 3C) and deep outlet (Fig. 3D). 

 

3.2.1. Spatial differences between superficial inlet and outlet 
Spatial qualitative and quantitative chemical differences were 

noted between the two superficial niches (inlet and outlet; Fig. 3A, 

C). In particular, during amendment with SW1, there was less ac- 

etate and more ‘other’ (unidentified) metabolites at the outlet than 

at the inlet. The ‘other’ was assumed to be primarily phenolic in 

origin because the detection method was able to identify all of the 

non-phenolic organics expected in winery wastewater (as charac- 

terized by Malandra et al., 2003). Tracer experiments have shown 

that the hydraulic operation of the SBs creates a plug flow of 

wastewater both vertically (from surface to depth) and horizontally 

(from inlet to outlet) (unpublished results). The hydraulic flow 

patterns in the SBs gave rise to degradation gradients from inlet to 

outlet. During this study concentrations of substrates and metab- 

olites were so low at the deep outlet (Fig. 3D), that this niche has 

largely been excluded from this discussion (Section 3.2). 

 

3.2.2. Spatial differences between superficial and deep niches 

Differences were noted between the profiles compiled from the 

superficial and deep niches of the SBs. During amendment with 

SW1, there were higher concentrations of ethanol and lower con- 

centrations of propionate, while during amendment with  SW2, 

there were higher concentrations of lactate and residual glucose 

from the superficial and deep niches, respectively (Fig. 3). In 

addition, the redox status (Eh) was consistently higher in the su- 

perficial spatial niches [average: 102 ± 33 mV; range: 28e157 mV 

(n ¼ 48)] than in the deep spatial niches [average: 25 ± 33 mV, 

range: 18 mV to 92 mV (n ¼ 48)]. In this study, the degradation of 

all the non-phenolic organic substrates, with the possible exception 

of acetate, took place preferentially under the reduced redox en- 

vironments of the deep niches. These results are contrary to ex- 

pectations deduced from literature. Oxygen mass transfer rates are 

https://products.appliedbiosystems.com/
https://products.appliedbiosystems.com/
http://trex.biohpc.org/


P.J. Welz et al. / Journal of Environmental Management 145 (2014) 147e156 151 

 

 
   

 

 

  
 

             

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

Fig. 2. Chemical oxygen demand (COD) measured in effluent samples (A) and pore water samples (B ¼ superficial inlet; C ¼ deep inlet; D ¼ superficial outlet; E ¼ deep outlet) of 

two SB replicates (SB1, SB2) during amendment with synthetic winery wastewater with respective overall COD concentrations of 527 mg/L (weeks 15e17 and 26e28) and 2027 mg/ 

L (weeks 18e20 and 29e31), and containing either acetate (200 mg COD/L: week 15e17; 800 mg COD/L: week 18e20) or glucose (200 mg COD/L: week 26e28; 800 mg COD/L: 

week 29e31),  in  the  formulations. 

 

enhanced in vertical and horizontal subsurface flow constructed 

wetlands because atmospheric gases are drawn into the substra- 

tum during drainage cycles; it has been consistently reported that 

organic degradation is enhanced in these systems (with higher 

redox status) when compared to conventional horizontal flow 

constructed wetlands operated in continuous mode (Dusek et al., 

2008; Fan et al., 2013; Pedescoll et al., 2011; Tietz et al., 2008; 

Van der Moortel et al., 2009). 

 

3.2.3. Metabolism of volatile fatty acids 

During amendment with SW1 at high concentrations, VFAs 

typically accounted for the major fraction of the COD, in the order of 

deep inlet > superficial inlet > superficial outlet (Fig. 3). At the deep 

inlet, this held true irrespective of whether acetate was present in 

the wastewater (SW1) or not (SW2), suggesting higher formation 

and/or lower degradation in this niche. Propionate consistently 

accumulated in the SBs, especially in the deep niches, albeit in 

lower concentrations than acetate. Traces of butyrate were also 

detected in the deep niches. 

Acetate is a pivotal substrate/metabolite involved in the central 

and subsidiary microbial metabolic pathways, particularly in as- 

sociation with co-enzyme A (Wolfe, 2005). It is arguably the most 

common metabolite that is produced during the biodegradation of 

many organics, including those present in synthetic winery 

wastewater (vanillin, gallic acid, acetate and ethanol) (Thauer et al., 

1977; Welz et al., 2011, 2012). Many organisms within microbial 
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Fig. 3. Chemical oxygen demand (COD) substrate/metabolite profiles for sugars, acids and alcohols determined by HPLC analyses of pore water samples taken from the superficial 

inlet (A), deep inlet (B), superficial outlet (C) and deep outlet (D) of two BSF replicates (SB1, SB2) 24 h after amendment with synthetic winery wastewater. 

 

consortia are capable of both assimilatory acetogenesis and 

dissimilatory acetate utilization (Wolfe, 2005). The ‘switch’ from 

excretion (during acetogenesis) and adsorption (during utilization) 

takes place when readily available acetogenic carbon sources are 

expended (Wolfe, 2005). In saturated anaerobic environments, 

acetate is also utilized exergonically by acetoclastic methanogens to 

produce methane and carbon dioxide. Alternatively, syntropic, 

endergonic acetate oxidation can take place provided the partial 

pressure of hydrogen is kept at a low level (largely by hydro- 

genotrophic methanogens) (Botch and Conrad, 2011; Conrad and 

Klose, 2011). Acetate is also the main substrate involved in the 

formation of propionate and other intermediary fatty acids under 

anaerobic conditions. When a high flux of electrons is produced 

during the fermentation of organics, the proton reducing and/or 

hydrogen transfer reactions become saturated; under these cir- 

cumstances, electron sink products, including acetate and propio- 

nate, are formed (Cohen et al., 1982; Thauer et al., 1977). 

It is clear that the accumulation and biodegradation of VFAs is 

influenced by the redox status and the availability of acetogenic 

carbon sources. It is therefore unlikely that significant biodegra- 

dation of acetate will take place in SBs until more ‘suitable’ sub- 

strates have been depleted. It is possible that alternating the redox 

status using intermittent aeration or recycling may enhance 

mineralization of residual organics triggering functional members 

of the microbial consortia to ‘switch’ to dissimilatory acetate utili- 

zation, while still supporting acetoclastic methanogenesis. Further 

work is required to substantiate this hypothesis. 

 
3.2.4. Metabolism of ethanol and glucose 

Total degradation of ethanol took place in the deep niches. In the 

superficial niches, degradation was typically better during 

amendment with SW2 (no acetate), than during amendment with 

SW1 (Fig. 3). The catabolic pathways for both ethanol and acetate 

culminate in the production of acetyl co-enzyme A. It is therefore 

suggested that ethanol degradation in the SBs was repressed by 

feedback inhibition mechanisms when higher amounts of acetate 

were present. Higher concentrations of ethanol were also detected 

at the surface inlet than at the outlet, a factor related to plug flow 

and the presence of degradation gradients (see Section 3.2.1). 

As expected, the substrate glucose was only found in the pore 

water samples during amendment with SW2. In addition, the 

metabolite, lactate (up to 300 mg/L) was also only detected during 

amendment with SW2 and only in the surface niches. Due to plug 

flow and associated degradation gradients, higher concentrations 

of glucose (substrate) and lower concentrations of lactate (metab- 

olite) were found in the surface inlet samples, than in the surface 

outlet samples (Fig. 3). 

During glucose catabolism, pyruvate produced from classical 

and alternative glycolytic pathways will enter the energetically 

more favourable tricarboxylic acid respiratory pathway if electron 

acceptors such as oxygen and acetyl co-enzyme A are readily 

available (Atlas, 1996). If electron acceptors are limited, fermenta- 

tion of pyruvate to lactic acid and/or ethanol and/or volatile fatty 

acids, and/or mixed acids occurs (Atlas, 1996). The fact that signif- 

icant concentrations of lactate were detected in the surface niches 

only strongly suggests that the drive to fermentative metabolism 

was not due to lack of electron acceptors, as higher concentrations 

of oxygen and higher redox conditions occur at the surface. Results 

strongly suggest that the competition for co-enzyme A by the 

acetoclastic and ethanol degradation pathways was the primary 

reason for the drive towards energetically less favourable fermen- 

tation. This is supported by the fact that other products of pyruvate 

fermentation reactions (e.g. propionate) were also found in higher 

concentrations in the surface samples during amendment with 

SW2 than during amendment with SW 1. 

 
3.3.  Phenolic removal in sand bioreactors 

 

In a previous study, it has been shown that phenolic removal in 

SBs takes place via adsorption and biodegradation (Welz et al., 2012). 
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In this study, at the end of amendment with each wastewater 

formulation, the total phenolic concentrations in the effluent from 

SB1 and SB2 were 11.0 ± 0.0 and 5.0 ± 1.4 mg GAE/L (week 19) and 

25.1 ± 0.0 and 19.7 ± 0.4 mg GAE/L (week 30), respectively. No 

phenolics were detected in samples from the control (SBC; data not 

shown). The influence of wastewater composition on phenolic 

removal in different spatial niches was accomplished by analysis of 

pore water samples taken at the end of amendment with SW1 and 

SW2 (week 20, week 31) from the superficial inlet (Fig. 4A), the deep 

inlet (Fig. 4B), the superficial outlet (Fig. 4C) and the deep outlet 

(Fig. 4D). In addition, analyses of pore water samples taken during 

amendment with SW2 were used to (i) assess temporal trends in 

phenolic removal (week 26e31; Fig. 5), and to (ii) characterize the 

phenolics in the samples. 

 

3.3.1. Spatial differences between superficial and deep niches 

Excellent removal of total phenolics was achieved in the deep 

niches of the SBs, irrespective of wastewater composition (Fig. 4B, 

D), but was markedly reduced in the superficial niches (Fig. 4A, C). 

This was contrary to expectations that the higher redox conditions 

in the surface niches would translate into higher phenolic 

biodegradation rates. This pattern was also noted with the non- 

phenolic substrates (Section 3.2). 

 

3.3.2. Influence of wastewater composition in superficial niches 

In both superficial niches, moderate removal of phenolics was 

seen during amendment with SW1, with pore water total phenolic 

concentrations ranging between 41.5 and 76.5 mg GAE/L (influent: 

250 mg GAE/L). However, extremely poor removal was seen during 

amendment with SW2, with pore water concentrations ranging 

between 207.2 and 290.8 mg GAE/L. Although residual, un- 

degraded phenolics and phenolics with comparatively high GAE 

values may have impacted on the results, it was clear that minimal 

phenolic degradation took place. The difference in phenolic con- 

centrations during amendment with SW1 and SW2 could not be 

attributed to residuals because, following amendment with SW1, 

the SBs were fed with basal nutrients until no residual wastewater 

components were detected in effluent or pore water samples (week 

21e25). In addition glucose was degraded more readily than ace- 

tate in the SBs (Section 3.2). It is therefore proposed that substrate 

competition between phenolics and glucose (SW2) had a greater 

inhibitory effect on phenolic degradation than substrate competi- 

tion between phenolics and acetate (SW1). 

 

3.3.3. Temporal trends in superficial niches 

The highest phenolic concentrations were obtained in the su- 

perficial niches during amendment with SW2. To assess whether 

there were any noteworthy temporal trends in phenolic removal, 

pore water samples were taken each week 24 and 48 h after 

amendment with SW2 (Fig. 5). 

Week 30 is excluded because analyses were delayed and phe- 

nolics in the samples polymerized before completion. 

The total phenolic concentrations measured in the superficial 

samples were similar to influent values (Fig. 5A). These results do 

 
 

  
 

 

 

 

 
 

 
 

Fig. 4. Comparison of the total phenolics concentrations in the four environmental niches at the end of amendment with synthetic winery wastewater containing either acetate 

(week 20) or glucose (week 31) in the formulation. A ¼ superficial inlet; B ¼ deep inlet; C ¼ superficial outlet; D ¼ deep outlet. Error bars show the standard deviation from the 

mean of triplicate assays. 
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Fig. 5. Temporal changes in the average concentration of total phenolics in the superficial (A) and deep niches (B) of SB1 and SB2 during amendment with synthetic winery 

wastewater with an influent phenolic concentration of 62.5 mg GAE/L (weeks 26e28), and 250.0 mg GAE/L (weeks 29e31). Error bars indicate the standard deviation from the mean 

of triplicate assays of samples taken from each SB replicate. 

 

not infer that no removal was taking place because (i) residual 

phenolics from previous amendments also contribute to effluent 

concentrations, and (ii) in all instances, the phenolic concentration 

decreased between 24 and 48 h after amendment (Fig. 5A). 

 

3.3.4. Characterization of phenolic substrates and metabolites in 

superficial niches 

A number of unidentified peaks were present in the chromato- 

gram derived from phenolic analyses using HPLC. This is in contrast 

to the non-phenolic organics, where all peaks in the respective HPLC 

chromatograms were identified. Due to the overwhelming number 

of phenolic compounds in existence, complete phenolic character- 

ization was beyond the scope of this study. However, the substrates 

(gallic acid and vanillin), the primary breakdown product of vanillin 

(vanillic acid) and the common potentially toxic metabolite, catechol 

were identified and quantified. All concentrations were converted 

into gallic acid equivalents to evaluate the relative contribution of 

each to the total phenolics in the samples. Vanillic acid and gallic acid 

accounted for approximately half of the phenolics, with the other 

half being unidentified (other) (Fig. 5B, C). 

 

3.4. Analysis of the bacterial community structure 

 

3.4.1. Effect of spatial niche (superficial/deep) on the bacterial 

community structures 

In order to focus on the impact of spatial niches on the bacterial 

community structure, no distinction has been made between 

samples taken before and after wastewater amendment on the first 

NMDS plot (Fig. 6A). On this plot, most of the points representing 

the bacterial community structures from the superficial niches 

group separately from those representing the deep niches, irre- 

spective of whether the SBs were amended with SW1, SW2 or not 

amended. The clustering of the sample points strongly suggests 

that the spatial niche (superficial versus deep) had more of an 

impact on the bacterial community structure than the presence of 

synthetic winery wastewater. The results also confirm that 

different physico-chemical conditions attributable to redox status 

influenced both the microbial community structure and function 

(Sections 3.1e3.3). 

 

3.4.2. Effect of synthetic winery wastewater on the bacterial 

community structure 

The effect of synthetic winery wastewater on the bacterial 

community structures is depicted in Fig. 6B. As with Fig. 6A, the 

points representing the samples taken from the superficial niches 

(distinguished by an ‘S’) generally cluster on the opposite side of the 

NMDS plot to those taken from the deep niches (distinguished by a 

‘D’). To allow more thorough analyses of the effect of winery 

wastewater on the bacterial communities in the different niches, 

separate NMDS plots were compiled for the superficial and deep 

niches. 

 

3.4.2.1. Effect of synthetic winery wastewater on the bacterial com- 

munity structures at the surface.  Before amendment with synthetic 
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Fig. 6. NMDS plots showing the effect of (A) spatial niche (deep/superficial); (B) synthetic winery wastewater in all niches; (C) synthetic winery wastewater in surface niches; (D) 

synthetic winery wastewater in deep niches, on the bacterial community structure in SBs. 

 

winery wastewater (baseline), all points representing the bacterial 

communities in the superficial niches share 20% similarity (Fig. 6C). 

After amendment with SW1 and SW2, all points share 20% and 40% 

similarity, respectively. 

At baseline, the points representing the bacterial communities 

from the inlet and outlet of each SB cluster closer to one another 

than to points from any of the other replicates. The points repre- 

senting the control SB are well separated from those of SB1 and SB2. 

A transient leak had developed in the control system the previous 

week resulting in the surface becoming dry. This may explain the 

anomalous result. 

After amendment with SW1, points representing the bacterial 

communities at (i) the inlet of both experimental SBs (SB1, SB2) 

group together, showing 60% similarity to one another and 40% 

similarity to the control, and at (ii) the outlet of both experimental 

SBs (SB1, SB2) group together and are well separated from all other 

data points, showing 40% similarity to one another, but only 20% 

similarity to the control. It is inferred from these results that SW1 

had an impact on the bacterial community structure, which was 

notably greater at the outlet than at the inlet. It is suggested that 

this stemmed from differences in the chemical milieu resulting 

from substrate degradation gradients from inlet to outlet. 

After amendment with SW2, points representing the bacterial 

communities at the inlet and outlet of both experimental SBs (SB1, 

SB2) group together, showing 60% similarity to one another and 

40% similarity to the control. It is inferred from these results that, 

unlike amendment with SW1, SW2 had a similar impact on the 

bacterial community structure in the superficial niches at the inlet 

and outlet. 

 

 

3.4.2.2. Effect of synthetic winery wastewater on the bacterial com- 

munity structures at depth. Before amendment with synthetic 

winery wastewater, and after amendment with SW1 and SW2, all 

points representing the bacterial communities in the deep niches 

shared 20% similarity on the NMDS plot (Fig. 6D). 

At baseline, points representing the bacterial communities from 

the inlet and outlet of each SB cluster closer to one another than to 

points from any of the other replicates. In contrast, after amend- 

ment with SW1, points representing the bacterial communities at 

(i) the inlet of both experimental SBs (SB1, SB2) group closer 

together, showing 40% similarity to one another and only 20% 

similarity to the control, and at (ii) the outlet of both experimental 

SBs (SB1, SB2) group closer together, showing 60% similarity to one 

another, but only 20% similarity to the control. After amendment 

with SW2, points representing the bacterial communities at the 

inlet and outlet of both experimental SBs (SB1, SB2) group together, 

showing 40% similarity to one another and 20% similarity to the 

control. 

Thus, similar trends were noted in the deep and superficial 

niches, where each wastewater had an impact on the bacterial 

community structures, with similar impacts being determined at 

the inlet and outlet after amendment with SW2, but a greater 

impact at the outlet after amendment with SW1. In each instance, 
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temporal changes not related to wastewater amendment were also 

noted, as evidenced by shifts in points representing the control SBs. 

 

4. Conclusions 

 

During the treatment of winery effluent in sand bioreactors, 

biodegradation rates are highly dependent on the (seasonal) 

wastewater composition. The use of COD removal as the sole 

marker of system performance is therefore too simplistic. Redox 

status plays a vital role in the selection of the bacterial consortia in 

sand bioreactors, with different communities being found in the 

deep and superficial niches. The accumulation and biodegradation 

of organic substrates and metabolites is therefore strongly influ- 

enced by redox status. Some organics, including glucose, ethanol 

and phenolics, are degraded preferentially in the deep niches. 

However, accumulation of VFAs is also favoured in the deep niches. 

It is therefore recommended that sand bioreactors are configured 

and operated in such a manner that the wastewater is subjected to 

alternating redox environments in order to stimulate complete 

biodegradation of organics. This could be accomplished by using 

reactors in series, or by introducing intermittent aeration into 

single reactors, preferably using solar powered pumps. 

 


