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a  b  s  t  r  a  c  t

There  has  been  significant  global  growth  in  the  use  of constructed  wetlands  for  wastewater  treatment.
The  fundamental  microbial  processes  involved  in the  biodegradation  of  organic  wastewater  pollutants
determine  the  range  of  design  and  operational  parameters  relevant  to individual  constructed  wetlands.  In
this study,  the  biodegradation  and  mineralization  of  ethanol  by acclimated  and  non-acclimated  microbial
populations  in  pilot-scale  constructed  wetlands  were  compared.  By  increasing  the  pollutant  concentration
at  incremental  intervals  (incremental  priming),  the  biodegradative  capacity  of  a  sand-filled  constructed
wetland  was  significantly  enhanced.  At  an  influent  COD concentration  of  15,800  mg  L−1, no volatile  fatty
acids  were  detected  in  the  effluent  of  an  incrementally  primed  system  and  the  maximum  effluent  COD
concentration  was  180  mg  L−1. In  contrast,  an  identical,  unprimed  system,  amended  with  a  lower  con-
centration  of COD  (7587  mg  L−1),  exhibited  a maximum  effluent  COD  concentration  of  1400  mg  L−1,  with
ncremental priming the  anaerobic  metabolites,  butyrate  and  propionate  accounting  for  up  to 83% of the  effluent  COD.  It was
demonstrated  that the  use  of  incremental  priming,  together  with  a vertical  subsurface  flow mode  of  oper-
ation  enhanced  long-term  function  of  constructed  wetlands.  Future  research  should  focus  on determining
the concentration  gradients  and  incremental  intervals  necessary  for optimal  microbial  acclimation  to  a
range of  organic  pollutants  and/or  wastewaters,  in order  to  minimize  start-up  times  without  significantly
impairing  the  benefits  derived  from  incremental  priming.
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. Introduction

The South African wine industry, comprising some 600 inde-
endent wineries located almost exclusively in the Western Cape
egion, is a major contributor to national gross domestic product.
lobally, the country is one of the top ten wine producers, and
ccounts for the production of around 8 million litres of wine per
nnum (SAWIS, 2010). The wine industry is also a significant pro-
ucer of chemical wastes, mostly in the form of wastewater. Winery
astewater is typically dilute and production is highly seasonal,
ith major peaks occurring during the crush season (Saadi et al.,

007; Sheridan, 2007). The composition and degradation rates of
ellar effluent exhibit both inter- and intra-winery variability, with

he slowly biodegradable phenolic component often being antibac-
erial and/or phytotoxic in nature (Arienzo et al., 2009; Bustamante
t al., 2007; Malandra et al., 2003).

∗ Corresponding author at: Biocatalysis and Technical Biology Research group,
ape Peninsula University of Technology, PO Box 1906, Bellville 7535, Cape Town,
outh Africa. Tel.: +27 21 953 8455; fax: +27 21 953 8494.
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South African legislation authorizes discharge of biodegrad-
ble industrial wastewater to the environment providing certain
arameters are monitored and met  (South African Water Act 96,
998). Maximum chemical oxygen demand (COD) limits range
rom 30 mg  L−1 to 5000 mg  L−1, depending on daily volume and
hether the wastewater is to be used for irrigation or discharged
irectly into a watercourse. Treatment of the wastewater to ensure
ompliance with these standards before discharge is thus essential.

Increased concentrations of organic chemicals are observed in
inery wastewaters around the seasonal vinification period. Glu-

ose, fructose, ethanol and acetic acid have all been identified
s significant COD contributors (Malandra et al., 2003; Sheridan,
007). Typical effluent COD values range from 800 to 12,800 mg  L−1,
ut peaks as high as 25,000 mg  L−1 have been reported (Malandra
t al., 2003). The stability of conventional biological wastewater
reatment systems may be disrupted by the inherent variability in
omposition and volume of winery wastewater (Malandra et al.,
003; Masi et al., 2002; Sheridan, 2007; Vymazal and Krőpfelová,

009). In addition, the installation and maintenance of expensive
ystems that require lengthy start-up periods and are operated for
elatively short periods is not cost-effective for smaller wineries
Malandra et al., 2003; Saadi et al., 2007; Sheridan, 2007). Provided

dx.doi.org/10.1016/j.ecoleng.2011.03.009
http://www.sciencedirect.com/science/journal/09258574
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and requirements can be met, constructed wetlands (CWs) provide
conomical, low maintenance, low energy wastewater treatment
ystems that demonstrate limited sensitivity to seasonal input
uxes (Masi et al., 2002).

In this study, two unplanted, experimental pilot-scale CWs  were
mended with ethanol, which was chosen as a singular pollutant
ecause of its prominence in winery wastewater. Simple sugars,
rganic acids and alcohols found in winery wastewater are readily
iodegraded (Malandra et al., 2003; Serrano et al., 2010). Miner-
lization of these organic molecules in constructed wetlands is
ediated predominantly by microorganisms (Caselles-Osorio and
arcia, 2006; Tietz et al., 2008; Imfeld et al., 2009; Vymazal and
rőpfelová, 2009). Oxygen is the preferred electron acceptor during

he biodegradation of ethanol, rendering aerobic metabolic path-
ays energetically more favourable, and thus faster than anaerobic

r anoxic pathways (Alvarez and Hunt, 1999). Aerobic biodegra-
ation commences with the oxidation of ethanol to acetaldehyde,
hich is mediated by the enzyme alcohol dehydrogenase (Hektor

t al., 2000; Österreicher-Cunha et al., 2009). Further oxidation
esults in the formation of acetyl-CoA, either directly from acetalde-
yde or via acetate, both of which are mineralized intracellularly
ia the Krebs cycle or the glyoxylate shunt to CO2 (Alvarez and
unt, 1999). Acetic acid bacteria sometimes lack the enzymes nec-
ssary to metabolize acetate and thus excrete the molecule; this
ay  result in the toxic levels of acetate accumulating in the envi-

onment (Gottschalk, 1986). Due to the inherent dependency on
xygen, these reactions are only expected to occur in the surface
ediments of wetland systems, with anaerobic pathways dominat-
ng in the deeper sediments (Hektor et al., 2000).

Microorganisms capable of anaerobic ethanol fermentation are
biquitous in nature (Schink et al., 1985). The most common pri-
ary metabolites comprise acetaldehyde and the volatile fatty

cids (VFAs), acetic acid, propionic acid and butyric acid, while
arbon dioxide, methane and hydrogen gas constitute the major
nd-products (Alvarez and Hunt, 1999). Acetone and n-propanol
ay  also be formed (Alvarez and Hunt, 1999). The anaerobic path-
ays rely on interspecies hydrogen transfers and as such are

elated to the sediment composition and redox status (particularly
hether conditions are methanogenic, nitrate reducing or sulphate

educing) (Stams et al., 2006; McKelvie et al., 2007). The concen-
ration of H2 is a critical parameter in methanogenic environments
ecause at high H2 concentrations, incomplete ethanol oxidation is
nergetically more favourable and the environment becomes ace-
ogenic (acetate generating) (Dolfing, 2001). Consequently, under
nfavourable conditions, volatile fatty acids can accumulate in CWs
reating high ethanol wastewaters.

During this study, the biodegradation and mineralization of
thanol within the CWs  was assessed by effluent analyses, with
he starting substrate (ethanol) as well as important metabolic
ntermediates (acetic acid, propionic acid and butyric acid) being
dentified and quantified.

The primary aim of the study was to evaluate the benefits of
iluting wastewaters during the start-up phase of CW’s used to
reat high strength wastewaters, such as winery wastewater. The
ffects of incremental and non-incremental ethanol amendments
n CW stability and function were compared. During incremental
mendment, the pollutant concentration was increased at reg-
lar intervals (incremental priming). This procedure was  based
n the hypothesis that exposure of key members of the resident
icrobial consortia to dilute concentrations of potentially toxic

ubstances would ultimately lead to tolerance at higher concen-

rations that may  have proven lethal if employed from inception.
urthermore, it was postulated that a gradual selection of efficient
icrobial degraders acclimated to the presence of ethanol, acetate,

ropionate and butyrate should theoretically protect against the
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ccumulation of these organics in toxic concentrations. The overall
uccess of incremental priming was  assessed using effluent COD
CODe) values and the accumulation of metabolites as the primary
ndicators of CW function and stability.

. Materials and methods

.1. Set-up and mode of operation of constructed wetlands

Three identical, unplanted, experimental CWs  consisting of
olyethylene containers filled with river sand to a volume ∼0.5 m3,
oid space of 0.08 m3 and a depth of 0.3 m were inoculated in a
atio of 1:4 with sediment from a local wetland treating winery
astewater. The CWs  were kept undercover to avoid exposure to
recipitation events. Two  CWs  were used for comparative exper-

ments and the third CW was  used as a control system. The CWs
ere operated in a hybrid mode of vertical and horizontal sub-

urface flow (VSSF and HSSF), shown schematically in Fig. 1. All
Ws  were subject to bi-weekly inundation followed by gradient-
irected drainage to ensure that the mode of operation was biased
oward classical VSSF.

.2. Feeding/watering regime of the constructed wetlands

CW A was  designated as a control and CW B and CW C as experi-
ental systems. All CWs  were equilibrated for a minimum of three
onths prior to experimentation, previously determined as the

eriod necessary for microbial community stabilization (Ramond
t al., unpublished results). Due to the scale of the CWs, and the
eed to generate data for a range of organic pollutants, the use
f replicate CWs  was  excluded. However, replicate soil column
nd microcosm experiments using the CW sediments have shown
xcellent reproducibility (unpublished results) and the results pre-
ented in this paper are clear. All three CWs  received a bi-weekly
nfluent feedstock consisting of 0.3 g yeast extract (Biolab, RSA cat
o: HG000BX6.500) and 0.3 g d (+) glucose (Merck, RSA, chemi-
ally pure cat no: SAAR2676020EM) dissolved in 12.5 L tap water
or the duration of the equilibration and 47 week experimental
eriods. The feedstock of the test CWs  was  supplemented with
bsolute ethanol (Merck uniVAR) as outlined in Table 1. CW B was
nitially amended with an ethanol load similar to that measured
n cellar effluent from a South African winery (4.94 mM).  Table 2
ncremental priming, by amendment with ethanol at increasing
heoretical COD (CODt) concentrations, ranging from 474 mg L−1 to
6,333 mg  L−1 (equivalent to 4.94 mM and 2.74 × 102 mM ethanol),
as applied to CW B. CW C was amended with moderate concen-

ration of ethanol (CODt 7 587 mg  L−1; 54.4 mM)  from inception to
ompletion of the experiment, the concentration being an approx-
mate average, based on literature for winery wastewater before
rimary treatment (see Table 3).

.3. Effluent analyses

Test samples comprised the total volume of effluent collected
etween 1 and 2 h after the initiation of feeding. Acids and alco-
ols were analysed by high performance liquid chromatography
HPLC) according the method of La’Zaro et al. (1989).  A Merck
a-Chrom instrument with a La-Chrom® D-7400 ultraviolet detec-
or set at 210 nm and an AgilentTM refractive index detector were
mployed for the detection of acids and alcohols, respectively.

ample components were separated using a Phenomenex Rezex
HM-monosaccharide H + (8% cross-linkage) column and a 1 mM
2SO4 solution at pH 2.52 (mobile phase). Sample acquisition time
nd flow rate were set at 60 min  and 0.550 mL  min−1, respectively.
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Fig. 1. Schematic diagram of the constructed wetlands, showing the hybrid mode of operation with vertical (VSSF) and horizontal (HSSF) flowpaths from the elevated inlet
to  the outlet at the bottom.

Table 1
Ethanol amendment in terms of theoretical influent COD and the applied loading rate to the experimental constructed wetlands.

TIME (weeks) CW B incrementally primed CW C unprimed

CODit (mg  L−1) OLR (gCOD/m3 day−1) CODit (mg  L−1) OLR  (gCOD/m3 day−1)

1–7 474 3.4 Equilibration Equilibration
8–14 948 6.7 Equilibration Equilibration

15–20  1896 13.5 Equilibration Equilibration
21–26  3792 27.0 Equilibration Equilibration
27–32  7587 54.0 Equilibration Equilibration
33–35 7587 54.0 7587 54.0
36–37  15,800 112.4 7587 54.0
38–40  15,800 112.4 7587 54.0
41–42  26,333 187.3 7587 54.0
43–44  Rest Rest 7587 54.0
45–47  7 587 54.0 7587 54.0

CODit: theoretical influent COD; OLR: organic loading rate.

Table 2
Relationship between CODa (n = 3) and standard CODt solutions.

Ethanol (mg  L−1) Acetic acid (mg  L−1) Propionic acid (mg L−1) Butyric acid (mg  L−1)

CODt 1000 1000 1000 1000
CODa 966 ± 8 1002 ± 3 1126 ± 13 955 ± 8

CODt: theoretical COD; CODa: actual COD.

Table 3
Selected data from CWs  used to treat winery wastewater or synthetic winery wastewater.

Reference Mode of
operation

CODi

(mg  L−1)
CODe

(mg  L−1)
COD removal
efficiency (%)

OLR
(gCOD m3 day−1)

tHRT
(days)

Serrano et al. (2010) Full-scale
Hybrid 2 stage
(VF/HF)

1558 ± 1023 448 ± 541 Stage 1:
29–70
Stage 2:
23–79

ND/NG
ND/NG

NG
NG

Shepherd et al. (2001) Pilot-scale
HSSF

4720 51
(at max. CODi)

99 (at max.
CODi)

132.1a

(at max CODi)
10

Masi  et al. (2002) Full scale
A: HSSF/FW 4044 91 97.8 ND/NG NG
B:  VSSF/SF 1003 79 92.2 ND/NG NG
C:  SF/FW/FP 772 90 87.5 ND/NG NG

Grismer et al. (2003b) Pilot-scale
HSSF

Crush period:
7406 ± 2090

3748 ± 1826 49 ND/NG NG

Non-crush:
1,721,439

363 ± 676 79 ND/NG NG

Mena  et al. (2010) Pilot scale HSSF ww1:  171 12.0 ± 2.4 to
53.0 ± 16.4

ND 8.8a 9.6

ww2:  84 12.3 ± 3.1 to
25.0 ± 5.5

9.4a 9.6

Mulidzi  (2010) Full-scale
HSSF

HRT A:
∼2000 to 12,000

NG 60 ∼75a 7

HRT B:
∼2000 to 12,000

NG 80 ∼450a 14

This  study Pilot-scale
Hybrid
(HSSF/VSSF)

CW B:
15,800 (CODit)

58 ± 25 99.5 to 99.8 112 22

CW C:
7587 (CODit)

763 ± 331 81.9 to 95.7 54 22

CODe: effluent COD; CODi: influent COD; FW:  free water; FP: finishing pond; HF: horizontal flow; HSSF: horizontal sub-surface flow; ND: not determined; NG: not given;
OLR:  organic loading rate (acalculated from data published in cited articles); tHRT: theoretical hydraulic retention time; VF: vertical flow; VSSF: vertical sub-surface flow;
ww:  wastewater.
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eaks corresponding to ethanol and VFAs were identified by spik-
ng effluent samples with ethanol (Merck univAR, RSA, cat no:
AAR2233540LP), glacial acetic acid (Merck univAR, RSA, cat no:
AAR1021020LC), propionic acid (Fluka puriss, Germany, cat no:
B12794) and butyric acid (Aldrich, Germany, cat no: BIO 350-0).

nce identified, the concentrations were determined by comparing
he peak areas to those of graphs prepared from standard concen-
rations of the same chemicals.

COD was quantified using a Hanna C214 multiparameter
ench photometer, a Hanna C9800 digester and both low range
1–150 mg/L: HI93754A-25) and medium range (0–1500 mg/L:
I93754B-25) COD kits, following the manufacturer’s instructions.
heoretical COD (CODt) values were determined using the equa-
ion:

ODt = 8(4x  + y − 2z)
(12x + y + 16z)

mgCOD mg−1 CxHyOz (1)

From Eq. (1),  the CODt values were calculated to be
.09 mgCOD mg  ethanol−1, 1.07 mgCOD mg  acetic acid−1,
.51 mgCOD mg  propionic acid−1 and 1.81 mgCOD mg  butyric
cid−1. The relationship between CODt and the actual (CODa)
as established by COD measurement of 1000 mg  L−1 CODt solu-

ions of ethanol (Merck univAR, RSA, cat no: SAAR2233540LP),
lacial acetic acid (Merck univAR, RSA, cat no: SAAR1021020LC),
ropionic acid (Fluka puriss, Germany, cat no: WB12794) and
utyric acid (Aldrich, Germany, cat no: BIO350-0) (Table 2). The
oncentrations (mg  L−1) of ethanol and VFAs in the effluent were
onverted to CODt and ultimately to CODa. CODa values were used
or mass balance relationships between CODe and the relative
ontributions of ethanol and volatile fatty acids (VFAs) to CODe.

. Results

.1. Effluent analyses

Total effluent COD results were collated with the relative COD
ontributions of ethanol and selected metabolites. Mass balances
ere used to elucidate the metabolic processes involved in the

iodegradation and mineralization of ethanol within the experi-
ental CWs.
CODe values from the control (CW A) and incrementally primed

W B were low (<100 mg  L−1) for the first 40 weeks, except on
wo occasions, when the CODe from CW B was 180 mg  L−1 (at 14
eeks) and 104 mg  L−1 (at 33 weeks) (Fig. 2). The rise in CODe from

ncrementally primed CW B to a maximum 365 mg  L−1 between 41
nd 45 weeks corresponded with an influent ethanol concentration
ncrease from 15,800 mg  L−1 CODit to 26 333 mg  L−1 CODit. Small
mounts of acetic acid, ranging between 13 mg  L−1 (14 mg  L−1

ODa) and 96 mg  L−1 (103 mg  L−1 CODa), were detected in the efflu-
nt at 33 weeks, and again between 38 and 45 weeks, while small
mounts of propionic acid, ranging between 8 mg  L−1 (13 mg  L−1

ODa) and 69 mg  L−1 (118 mg  L−1 CODa) and ethanol, ranging
etween 13 mg  L−1 (27 mg  L−1 CODa) and 106 mg  L−1 (214 mg  L−1

ODa) were detected at a maximum influent ethanol concentra-
ion (26,333 mg  L−1 CODit), as well as one week after a rest period
Fig. 3). During this period (41–45 weeks), propionic acid and
utyric acid accumulated in the sediments, and the relative con-
ribution of these VFAs to the total CODe increased from 0% at 40
eeks (15,800 mg  L−1 CODit) to 48% at 45 weeks (26,333 mg  L−1

ODit) (Fig. 4). CW B was rested (no feeding) during weeks 43 and
4, after which amendment was re-initiated with ethanol at the

ame concentration as unprimed CW C (7587 mg  L−1 CODit) and at
7 weeks previous function was restored (CODe of 48 mg  L−1).

A moderate concentration of ethanol (7587 mg  L−1 CODit) was
ncluded in the feed of unprimed CW C from 33 weeks (Table 1). This

m
e
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ring 37 (2011) 1453– 1459

ddition induced an immediate sharp increase in CODe attributable
ainly to acetic acid and ethanol (Fig. 2). Between 34 and 40 weeks,

here was  a steady decline in CODe, which generally corresponded
o a reduction in the amount of amount of acetic acid and ethanol
n the effluent (Fig. 3). However, the reduction in acetic acid was
ccompanied by an increase in the amount of propionic and butyric
cid (Figure 3). Between 40 and 47 weeks, there was  a second
ncrease in CODe (Fig. 2). The proportion of propionic and butyric
cid to the total CODe increased over time for the first 9 weeks,
rom 2% to a maximum of 83% at week 43 (Fig. 4). The CWs  became

alodorous due to accumulation of these VFAs in the sediments
nd the experiment was terminated after 47 weeks.

. Discussion

Bacterial species may  adapt over time to new environ-
ental factors, a process known as acclimation. Examples of

uccessful acclimation to toxic chemicals (e.g. acrylonitrile and
-nitrophenol), substrates (e.g. cellulose) and physical parame-
ers (e.g. cold) have been widely reported in the literature (Zaida
t al., 1996; Hu et al., 1997; Koda et al., 2002; Cheng et al., 2010).
cclimation and degradation are influenced by the toxicity of a
ompound as well as the period of acclimation, with longer accli-
ation times leading to higher degradation rates (Chou et al.,

978). A link has also been demonstrated between acclimation
nd chemical concentration, with the period of acclimation being
hortened at lower concentrations (Zaida et al., 1996). The accli-
ation phenomenon was used as a premise for the incremental

riming procedure adopted in this study. It was  hypothesized that
xposure to incrementally increasing concentrations of ethanol
ould optimize the acclimation of the microbial consortium in
Ws, and manifest in superior ethanol degradation when compared
o a non-acclimated population. To our knowledge, detailed stud-
es detailing the concentration-dependent acclimation of microbial
ommunities within CW systems have not previously been pub-
ished. COD removal and the analysis of key metabolites were used
s the primary means of assessing the success of incremental prim-
ng. This discussion includes a critical comparison of CW operation
nd function by comparison with literature data pertaining to CWs
sed in the treatment of winery wastewater. A summary of oper-
tional and performance parameters taken from the literature and
rom this study is presented in Table 3.

Data on influent composition highlight the considerable varia-
ion in CODi that is attributable to the characteristics of the winery
astewater and the pre-treatment steps involved (Table 3). Pri-
ary treatment, by means of anaerobic digestion, sand pre-filters

r Imhoff tanks, and combined processes, have been reported as
ethods used to reduce suspended solids (SS) and the organic load-

ng rate (OLR) (Grismer et al., 2003a; Masi et al., 2002; Serrano et al.,
010; Shepherd et al., 2001).

Wastewater with a high oxygen demand may  be harmful to the
nvironment, rendering it unsuitable for direct discharge. As such,
he use of COD removal efficiency (%CODi/CODe) as the sole crite-
ion to assess the performance of biological systems treating highly
ariable wastewaters is debatable. For example, taking CODi values
ealistic for winery wastewater of 20,000 mg  L−1, 5000 mg  L−1 and
000 mg  L−1, removal efficiencies of 95%, 75% or 50% respectively
ll result in the same CODe concentration of 1000 mg  L−1, an oxy-
en demand which may  still render the water unsuitable for direct
ischarge.
Many wineries use treated wastewater for irrigation, and in
ost countries discharge limits apply (Masi et al., 2002; Melamane

t al., 2007; Sheridan, 2007; Christen et al., 2010; Mulidzi, 2010).
ccording to the National Water Act (no 36 of 1998), biodegradable
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Fig. 2. Comparison of total effluent COD (CODe) from the control (CW A), incrementally primed (CW B) and unprimed (CW C) constructed wetlands. CW C was amended
with  ethanol at 33 weeks. The immediate increase in COD is shown by the arrow on the figure.

Fig. 3. Metabolite profiles of effluent samples from unprimed CW C (above) and incrementally primed CW B (below). Note that no ethanol or VFAs were detected in the
effluent from CW B until 33 weeks and as such, previous weeks have not been included in this figure. The “other” category in the figure represents the balance of CODe once
the  contribution of ethanol and volatile fatty acids have been deducted.
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ndustrial wastewater in South Africa may  be used for irrigation
urposes provided the COD is either <400 mg  L−1 or <5000 mg  L−1

or volumes of <0.5 or < 0.05 ML  day−1, respectively. If there is any
anger of biodegradable wastewater contaminating a watercourse,
ven lower discharge limits apply. Thus, in circumstances where
he wastewater is to be used directly for irrigation or discharged
nto the environment, CODe is a critical parameter.

High CODe values associated with peak-season overloading
f CW treatment facilities have been reported in the literature
Table 3) (Grismer et al., 2003b; Serrano et al., 2010). The results
btained from this study showed that CODe from incrementally
rimed CW B complied with all South African legislative require-
ents for irrigation when the CODit fell in the range 474 mg  L−1

o 15,800 mg  L−1. However, the effluent from unprimed CW C,
mended with an CODit concentration of 7587 mg  L−1, did not con-
orm to legal limits for most of the study period, despite the fact
hat the COD removal efficiency was 81.9–95.7%. Thus, only the
ffluent from incrementally primed CW B was rendered suitable
or irrigation without further treatment.

Unprimed CW C, amended with a comparatively moderate
ODit did not realize the same efficiency as incrementally primed
W B and became septic with the accumulation of VFAs (VFAs and
r sulphides in wastewater provide evidence of septic conditions)
Magro et al., 2005; Bachman et al., 2007). VFAs were detected
n the sediments of unprimed CW C from inception to the com-
letion of the experiment, with the pattern showing a decrease

n the amount of acetic acid accompanied by an increase in the
mount of propionic and butyric acids, with the latter two VFAs
ccounting for up to 83% of the effluent COD after 9 weeks. The
torage of high organic wastewaters of winery and distillery origin
s known to result in the formation of malodorous VFAs (Bories
t al., 2005). Although VFAs are usually readily biodegradable,
hen alternative electron acceptors such as oxygen and nitrates

re unavailable, acidogenic accumulation of VFAs may  cause inhi-
ition of less tolerant organisms (Lasko et al., 1997). Heterotrophic
espiratory pathways are energetically more favourable than fer-
entative pathways, occurring at faster rates (Atlas, 1997). The

ifferences in metabolic profiles of the incrementally primed CW
 and unprimed CWC  suggest that acclimation of the microbial
ommunity in CW B resulted in superior ethanol mineralization,
ossibly as the result of enhanced interspecies hydrogen transfer
Lasko et al., 1997). Furthermore, CW B proved resilient to a short
eriod of overloading.

Process inhibition associated with high CODi has been reported
n CWs  used to treat agricultural and industrial wastewaters
Vymazal and Krőpfelová, 2009). However, CODi concentrations
n winery wastewater from as low as 2178 ± 1715 mg  L−1, have
lso been associated with poor treatment performance, with low
nfluent pH (possibly due to volatile fatty acids) and/or high con-
entrations of inhibitory substrates such as polyphenols being
uggested as contributing factors (Masi et al., 2002; Montalvo et al.,
010; Serrano et al., 2010). Recirculation of treated effluent to the
ystem head, to dilute highly concentrated wastewater, has proved
o be a successful mechanism to ameliorate the negative effects of
rganic overload (Serrano et al., 2010). Recirculation can neutral-
ze acidic wastewaters and reduce the concentration of biological
nhibitors (Serrano et al., 2010). Provided sufficient storage or CW
apacity is available, this is a simple and cost-effective solution to
aintain CW function.
Many conventional systems have been evaluated for the treat-

ent of winery waste, with organic loading rates (OLRs) in a

imilar range to those applied to CWs  used for the same purpose
Andreoletta et al., 2009). However, the hydraulic retention times
HRTs) in CWs  are in the order of days (Table 3), while those of

ost conventional systems are in the order of hours (Andreoletta

o
l
t
i
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t al., 2009; Grismer et al., 2003b; Petruccioli et al., 2002; Shepherd
t al., 2001; Mena et al., 2009; Mulidzi, 2010). In the case of
Ws, the loading rate is usually expressed as the load applied
o the surface area and does not take the depth of the CW into
ccount. However, anaerobic carbon mineralization is an impor-
ant pathway for degradation of organic matter in soils and wetland
ediments (Segars and Kengen, 1998; Küsel and Drake, 1999).
hus, CW depth has been included in loading calculations in this
aper.

There is circumstantial evidence that aerobic processes are
avoured by high redox potentials in CWs  operated in a VSSF mode
Faulwetter et al., 2009). In addition, anaerobic degradation of
rganics such as ethanol in wetlands may  result in the formation of
he harmful greenhouse gas, methane (Sha et al., 2011). It may  be
educed that the use of VSSF CWs  for the treatment of high organic
astewaters is preferable, both from an efficiency and an environ-
ental perspective (Faulwetter et al., 2009; Sha et al., 2011).
COD removal in CWs  can be substantially enhanced by increas-

ng the HRT (Table 3) (Mulidzi, 2010). HRT is dictated by flowpaths
nd the extent to which the wastewater interacts with the wetland
orous medium and plants (Grismer et al., 2003b). Apart from the
emonstrated benefits of incremental priming in CW B, the COD
emoval process was  almost certainly enhanced by the long HRT
nd concomitant low hydraulic loading rates (HLRs), which were
argely dictated by the slow hydraulic characteristics of the sand

edium. Although low HLRs may  prevent clogging of CWs, the fun-
amental hydraulic characteristics, together with the VSSF mode
f operation, precluded the application of a higher OLR without
ncreasing the CODit to toxic levels (Knowles et al., 2010). It can be
ypothesized that a complex sand medium provides a better nutri-
ional habitat than gravel for the growth of many microorganisms.
evertheless, the increased capacity demanded by an inflexibly low
C is a drawback that must be taken into consideration during CW
esign.

Winery wastewater per se consists not only of readily
iodegradable COD (RBCOD), but also a smaller fraction of
lowly biodegradeable COD (SBCOD) and unbiodegradeable COD.
lthough ethanol, the pollutant used in the study, falls into the
BCOD category, the capacity of the CWs  to effectively remove
henolics (SBCOD) from winery wastewater was demonstrated in

 parallel experiment using whole winery wastewater (Welz et al.,
npublished results).

. Conclusions

The use of incremental priming as a start-up mechanism
nhanced biodegradation of ethanol in a pilot-scale CW.  The
esults supported the hypothesis that this technique would pro-
ote acclimation of key degradative members of the microbial

onsortia, leading to improved COD removal when compared
o “unprimed” microbial communities. In this study, incremen-
al priming enhanced both COD removal and wetland stability.
o our knowledge, this is the first time that start-up proce-
ures for CW’s have been explored in a structured manner.
he use of this tool, together with the VSSF mode of operation
o enhance the long-term biodegradative efficiency of CW sys-
ems treating wastewater with high organic loads was  clearly
emonstrated.

Further work is needed: firstly, to determine whether these
esults can be replicated with different wastewaters, and sec-

ndly, to determine whether prior function is retained after
engthy periods of redundancy. Clearly, the extended dura-
ion of the incremental procedure employed in this study is
mpractical in real terms. Therefore, concentration gradients and
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ncremental intervals also need to be optimized to minimize
he start-up period without compromising the derived bene-
ts. The use of incremental priming in different geographical

ocations and thus different climatic conditions must also be
onsidered.

In addition, the study demonstrated that CWs  treating ethanol
xhibit loading maxima after which performance becomes ham-
ered. Similar findings have been reported in the literature for CWs
reating winery wastewater. These maxima are highly individual
nd thus, in practical terms, it is recommended that CW-specific
anges for COD and/or important toxins are established (includ-
ng safety factors). Subsequently, during periods of high influent
oncentration and/or low natural dilution (such as low precip-
tation), wastewater can be diluted to comply with established

axima. CW design incorporating features permitting return of
reated wastewater to the system head provides an example of

 mode of operation that functions independently from external
ater supplies (Serrano et al., 2010). This is an important factor in
ater-stressed regions such as South Africa.
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