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A B S T R A C T   

Winery wastewater is characterized by high organic content, low nutrient content and low pH at least during 
vintage periods. The effect of nutrient shortage and low pH on constructed wetlands (CWs) operation was 
scarcely studied, but early field studies indicate that some operational problems can arise. This work aims to 
determine the effect of nutrient shortage and acidic pH during the treatment of high organic load wastewater in 
one-step vertical subsurface flow (VF) CWs. Two lab scale VF units at hydraulic loading rates over 70 L/m2⋅d and 
surface loading rate in the range of 110− 170 g COD/m2⋅d were operated for periods with and without nutrients 
in the influent as well as with influent pH of 7.0 and 4.5. The results showed that neither low nutrient nor low pH 
impair organic matter removal whilst low pH decreased nitrogen removal rates. At low pH, the effluent con-
centration of ammonia and nitrate increased, indicating deterioration in both nitrification and denitrification 
processes. The paper discuss the implications of these findings for a better strategy in the treatment of winery 
process wastewater, such as options for separate treatment or its combination with other nutrient-containing 
streams.   

1. Introduction 

In the last two decades, constructed wetlands (CWs) have been 
successfully applied to different kind of effluents, including wastewater 
from petrochemical industry, food industry (meat processing, dairy in-
dustry, fruit and vegetable canning), forestry, winery and distillery, 
textile, tanning, aquaculture, metal finishing and mining, among others 
[1,2]. 

The wine industry produces wastewater throughout the different 
processes of wine production. Winery wastewater comes mainly from 
the washing waters of equipment and bottles and from the cooling 
processes and represents a serious environmental problem in wine- 
producing countries. This requires the adoption of measures ensuring 
that their potential environmental impacts are minimal and within an 
acceptable range [3–5]. The characteristics of the effluents and the 
seasonal variability make the use of CW for the treatment of wastewater 
from wineries of special interest [3,4,6]. 

Winery wastewaters contain higher concentrations of soluble 
organic matter readily biodegradable and variable content of suspended 
solids. Chemical oxygen demand (COD) concentrations vary from 340 to 
49.000 mg/L, total suspended solids (TSS) from 12 to 18.300 mg/L and 

biological oxygen demand (BOD5) is about 0.4− 0.9 of the COD value [3, 
7–9]. Even higher concentration values were recorded [4]. The con-
centration of nitrogen and phosphorus compounds in winery wastewa-
ters is usually low and the pH is acidic. The recalcitrant constituents 
account for less than 10 % of total COD [7]. 

Conventional biological treatment systems as well as co-treatment in 
municipal wastewater treatment plants are not effective for effluents 
from the wine industry, particularly for small-scale wineries due to their 
cost and complexity [4,9,10]. This is because the wastewater from these 
facilities is highly concentrated in terms of COD and have shown highly 
variable flows and loadings (daily and seasonal). Nature-based on-site 
solutions like constructed wetlands (CWs) have been taken into 
consideration [3,6,7,11]. 

The surface loading rates (SLRs) applied to the 13 CW systems 
reviewed by Masi et al. [3] ranged from about 30 up to about 5000 g 
COD/m2 d, with the 80th percentile of the reported values being below 
297 g COD/m2 d and the median at 164 g COD/m2 d. The highest SLR 
values have in all cases been measured during the peak season (vintage) 
and often linked to lower surface removal rates (SRRs). Despite the high 
interest in recent years for this treatment alternative, percentage 
removal rate showed a high variability, ranging from 49 % to 99 %. Low 
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removal efficiencies can affect both the removal of organic matter and 
nitrogen [3,6]. 

Among the main problems in processing winery wastewater, Masi 
et al. [3] listed variable pH and low nutrient content and consequent 
unfavourable C/N ratio for the microbial growth. Johnson and Mehrvar 
[4] reported the addition of nutrients for the biological treatment of 
winery wastewater in conventional systems, while other authors 
[12–14] reported the addition of nutrients during the treatment of other 
types of wastewater in CWs. In the case of winery wastewater, this 
practice is based on theoretical considerations about bacterial growth in 
biological systems and not on empirical studies that demonstrate it [4]. 
Thus, considering the large variability of treatment efficiency and sur-
face removal rates in CW systems treating winery wastewater and the 
sudden increase in applied loading rates during the vintage period, our 
first hypothesis is that a negative effect of nutrient shortage on the 
treatment efficiency of VF CW treating this kind of effluents may not be 
discarded. 

On the other hand, Serrano et al. [15] indicated the possibility of a 
negative effect caused by the low pH values registered, which ranged 
from 3.3 to 7.2, and reported the use of sodium hydroxide addition to 
the influent. Arienzo et al. [16] found winery wastewater toxic to 
wetland plant species and other biological tests species and prescribed 
pH neutralization. In some cases, the combination of different types of 
effluents may increase the level of nutrients in the treated wastewater, 
but it is usually not enough to correct the pH [6,17]. Thus, our second 
hypothesis is that low pH values can affect not only the removal of 
organic matter, but also the processes of nitrogen transformation (i.e., 
nitrification and denitrification) whose microbial populations are 
generally more sensitive to unfavourable environmental conditions. 

Despite the evidence already mentioned, no specific study has been 
found in the literature on the effect of nutrient level or pH on the per-
formance of CWs treating wastewater from wineries. Thus, this work 

aims to determine the effect of nutrient shortage and acidic pH during 
the treatment of high organic load wastewater in VF CWs. To do this, 
two laboratory scale VF CW units were operated in parallel under high 
load rates and varying the pH and nutrient content of the influent. 

2. Material and methods 

2.1. Lab-scale VF CW units 

Two lab columns (VF1 and VF2 units) of 13.9 cm diameter were used 
as VF CW systems (Fig. 1). The effective height was 50 cm, consisting of 
an upper layer of 5 cm of 0.25− 2 mm sand, a main filtering layer of 35 
cm of 4− 8 mm gravel, and a 10 cm drainage layer at the bottom of 8− 16 
mm gravel. VF units were fed intermittently by pulses each 3 h for 4 days 
with rest periods of 3 days a week. Both columns were planted with 
Phragmites australis (5 young seedlings, about 30 cm tall) and monitored 
during subsequent operational periods with and without nutrients in the 
influent (VF1) as well as with an influent pH of 6.5 and 4.5 (VF2). 

The influent entered the VF units over the filtering medium by means 
of a peristaltic pump (Dinko Instruments D-21 V) in an intermittent 
mode and drained by gravity to the bottom of the column and from there 
to a receiving tank. The units were operated without resting (12 pulses 
per day) during start-up period and, onwards, with a weekly feeding 
regimen of 4-day on and 3 days resting (8 pulses per day), following 
previously recommended feeding strategies [18]. 

2.2. Winery synthetic wastewater 

To prepare the synthetic feed, red wine and white vinegar have been 
used as sources of organic matter, whose COD concentrations were 203 
g/L and 71 g/L, respectively. These components as well as sources of 
macro and micro nutrients were added as indicate in Table 1 to prepare a 

Fig. 1. Schematic representation of the laboratory-scale VF CW treatment system.  

M. Sánchez et al.                                                                                                                                                                                                                               



Journal of Water Process Engineering 42 (2021) 102103

3

concentrate stock solution. From several considerations about the re-
quirements of nitrogen (N) and phosphorus (P) for bacterial growth and 
typical biomass yields in CWs [13,19], a COD/N/P ratio of 250/7/1 was 
used as reference for non-limitation of nutrients. The concentrated was 
first diluted with distilled water to the required concentration and the 
pH was regulated to circa neutral (6.5–7.0) or acidic (4.5) values, as 
required, by adding NaOH or HCl. On the other hand, nutrients were not 
added to the VF1 unit during some operational periods. 

2.3. Analysis and monitoring 

TSS, COD, BOD5, total nitrogen (TN), nitrate nitrogen NO3
− -N, 

ammonia nitrogen (NH4
+-N) and phosphates (PO4

3--P) were determined 
in composite samples collected weekly (i.e. during the 4-day feeding 
period). Besides, in situ measurement of pH, dissolved oxygen (DO) and 
oxidation-reduction potential (ORP) was carried out. Allylthiourea was 
used as a nitrification inhibitor in BOD5 assays. Analytical methods were 
carried out in duplicated as described in Standard Methods [20]. An 
integrated pH & redox 26 Crison electrode was used for pH and ORP 
determination, a selective electrode (Crison 9663) for ammonia and a 
YSI ProODO electrode for DO. The determination of NO3

− -N was made in 
a Biochrom Libra S6 spectrophotometer following the second derivative 
method of the UV absorption spectrum [20]. To analyze TN, samples 
were first digested with potassium persulfate to oxidize all the nitroge-
nous compounds to NO3

− and after that the nitrates were determined by 
spectrophotometry. The viscosity of the effluents was measured using a 
Cannon Fenske viscometer with a glass capillary 0.42 mm in diameter. 

The infiltration rate was periodically determined in both columns. 
For this, the effluent flow was measured for an entire dosing cycle in 
order to obtain the effluent flow profile and derived parameters, 
particularly the mean retention time (tm), defined as the time required to 
drain off the 50 % of the wastewater volume added in a feeding pulse. 

2.4. Operational characteristics and surface loading rates 

The operational characteristics of the VF units are shown in Table 2. 
The start-up period lasted 43 days and was followed by a reference 
period of 2–3 weeks in which both columns operated in the same con-
ditions. Subsequently, VF1 unit was subjected to nutrient shortage and 
VF2 unit to low pH for about 2 months of operation (Table 2). The 
influent COD concentration was established in the range of 1500–2100 
mg/L, which was considered representative of winery wastewater dur-
ing harvesting and wine making periods [6]. 

During the start-up period, both columns were fed with a high hy-
draulic loading rate and so with a high surface loading rate, which 
averaged 133 ± 13 and 172 ± 44 g COD/m2⋅d for VF1 and VF2 CW units, 
respectively. After start-up, slightly lower but similar SLR were applied 
in both columns. 

This type of down flow columns were used extensively to simulate 
actual high rate VF CWs [18]. VF CWs fed intermittently with large 
pulses (batch mode) lead to flooding of the bed surface and then 
wastewater is gradually percolated down through the bed, being 
collected by the drainage layer at the base [7,21]. One of the features of 
unsaturated VF CWs is that most of the pulse volume must be drained 
before the next pulse occurs, which necessarily leads to a short retention 
time. Thus, the very short retention time of discrete water pulses is 
typical of unsaturated vertical flow CWs [21–23], while biological 
processes improve due to complex phenomena such as sorption and the 
transfer of compounds to the retained interstitial water after the pulse, 
favoured by the large specific surface area of the filtering media. On the 
other hand, the rapid drainage of the water pulse allows oxygen to enter 
the filtering bed, which greatly increases biomass activity and degra-
dation processes [21,22]. In the opposite situation, non-separation of 
drainage episodes and approach to continuous effluent flow would 
indicate hydraulic clogging of the VF CW and reduced oxygenation 
rates. 

3. Results and discussion 

3.1. Start-up and operation of VF units treating high strength winery 
wastewater 

The effluent characteristics and removal efficiency of the VF units are 
shown in Table 3. The SLRs applied (Table 2) were approximately the 
same as the median reported by Masi et al. [3] for field systems that treat 
wastewater from wineries while surface removal rates were higher. In 
addition, the volumetric load rates (twice the SLR, due to the total bed 
height of 0.5 m and the resulting ratio of 0.5 m3 bed/m2 bed) were 
clearly higher than those applied by Welz and le Roes-Hill [24] and 
Holtman et al. [25] (i.e., 46 and 152 g COD/m3⋅d, respectively) for 
biological sand filters treating winery wastewater. On the other hand, 
the higher SLR applied in VF2 in relation to VF1 can explain the higher 
effluent concentration in COD and BOD5 and the slightly lower COD and 
BOD5 percentage removal in VF2. In any case, COD removal was high, 
reaching 88 % in VF2 and 95 % in VF1, whilst BOD5 removal was 

Table 1 
Concentrate stock solution composition for synthetic wastewater 
preparation.  

Compound Added amount 

Red wine (mL/L) 33 
White vinegar (mL/L) 188 
NH4Cl (mg/L) 2140 
MgHPO4⋅3H2O (mg/L) 220 
K2HPO4⋅3H2O (mg/L) 290 
Peptone (mg/L) 300 
FeSO4⋅7H2O (mg/L) 100 
CaCl2 (mg/L) 100 
Cr(NO3)⋅9H2O (mg/L) 15 
CuCl2⋅2H2O 10 
MnSO4⋅H2O 2 
NiSO4⋅6H2O 5 
PbCl2 2 
ZnCl2 5  

Table 2 
Characteristics of synthetic winery wastewater fed to CW units and surface loading rates applied.    

Concentration (mg/L) SLR (g COD/m2⋅d) 

Period (CW) pH TSS COD BOD5 TN NO3
− N NH4-N PO4-P VF1 VF2 

I) Start-up (VF1, VF2) 6.9 23 2128 1290 64.4 3.8 64.4 9.3 133.2 172.3 
II) Reference (VF1, VF2) 6.5 18 1573 954 47.6 2.9 47.6 6.9 111.6 104.8 
III) Low nutrients (VF1)a 6.5 18 1573 954 3.4 2.6 2.0 0.7 111.3 – 
IV) Low nutrients (VF1)a 6.5 5 1573 954 1.6 2.0 2.0 0.6 111.0 – 
III) Low pH (VF2) 4.5 18 1573 954 47.6 2.9 47.6 6.9 – 110.2 
IV) Reference pH (VF2) 6.5 18 1573 954 47.6 2.9 47.6 6.9 – 115.6  

a Synthetic wastewater contained only wine, vinegar and peptone (Period III) or only wine and vinegar (Period IV). Low nutrient values and low pH highlighted in 
bold. 
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approximately 97 % in both cases. 
Nutrient removal was high during the start-up period, reaching 

86–89 % removal of ammonia and TN, and 60 %–76 % of phosphorus. 
Taking into account the nitrogen SLR and the removal percentage, the 
columns removed about 3.5–4.5 g TN/m2⋅d. Accounting up for COD and 
TN removal, the performance of both VF units is indicative of high ox-
ygen transfer rates [18]. During start-up, a large part of the removed 
nutrients had probably been used for biomass growth, as suggested by 
estimation of biomass yields and required nutrient availability in similar 
conditions [14]. Nutrient limitations have not been observed because 
the effluent of both columns still contained sufficient nitrogen and 
phosphorus compounds (Table 3). 

DO concentration and ORP was about 6 mg/L and 90 mV, respec-
tively, at the end of the start-up period of both columns. Mean effluent 
BOD5 ranged from 34 mg/L (VF1) to 42 mg/L (VF2), which are values 
above the discharge limit for municipal wastewater (i.e. 25 mg/L) or 
even for industrial wastewater (40 mg/L) [26]. This indicates that both 
columns were slightly overloaded. The flow profile of each feeding pulse 
showed a mean retention time ranging from 5 to 10 min (Fig. 2). 
However, VF1 column suddenly increased the pulse mean retention time 
to approximately 30 min (day 39 of operation), indicating a risk of flow 
clogging. To improve operation and reduce the risk of clogging, the 
feeding regime was changed by introducing resting periods, so the col-
umns were fed 4 days a week, from Monday to Friday, remaining 

without feeding the other 3 days. In addition, the influent concentration 
was reduced as indicated in Table 2, reducing the SLR to 111 ± 6 g 
COD/m2⋅d and 67 ± 4 g BOD5/m2⋅d as mean values for both columns 
since the end of the start-up period to the end of operation period. In this 
way, during periods II to IV both columns received similar and constant 
hydraulic loading rate (70.8 ± 4.1 L/m2⋅d in VF1 and 70.1 L/m2⋅d in 
VF2) and SLR (COD and BOD5) which were only 1.0 % higher in VF1 in 
comparison to VF2 (Table 2). 

Effluent TSS concentration was similar in both columns during the 
first three months of operation but onwards were different (Fig. 3A). In 
overall, effluent concentration of TSS was higher than influent concen-
tration and probably corresponded to the washout of active biomass. 
Washed TSS were mainly volatile and contributed to an increase in COD 
and BOD5 in the effluent (Fig. 3B and C). 

The flow profile was similar in both units throughout the entire 
period of operation (Fig. 2), but tm increased steadily over the operation 
time. After approximately 100 d of operation, tm reached 40 min and the 
columns began to experience clogging episodes revealed by more pro-
longed flooding of the surface after a feeding event. This situation 
coincided with a strong increase of suspended solids content in the 
effluent of both units (Fig. 3A). As shown in Fig. 3, a TSS washout 
episode more intense but for less time in VF2 compensated for the delay 
with respect to biomass washout in VF1. Thus, a similar amount of TSS 
was removed in both systems. In addition, a clear, although limited, 
decrease in DO content took place (Fig. 3D) during biomass washout 
episodes. 

Biomass washing episodes are attributed to the short start-up period 
and high SLRs applied, along with scarce plant development due to the 
short duration of the experiments. This is due to the strategy followed for 
the study of the two objective factors (pH and nutrient effects) in 
laboratory-scale systems, but interference in this sense was not consid-
ered as both factors have a greater effect on microbial processes than on 
plant development. In the case of full-scale CWs, a low-load start-up is 
advisable that allows the development of the plants during almost a 
complete vegetative season prior to the periods of high load (harvesting 
season). In addition, full-scale systems use greater bed depth and larger 
particle size than those used in the laboratory simulation system. All of 
these factors reduce the risk of clogging, which is not usually a problem 
in wetlands treating winery effluents [27]. 

3.2. The effect of nutrient shortage on the VF1 unit performance 

The shortage of nutrients in the influent reduced both the effluent 

Table 3 
Effluent concentration and removal efficiency of the VF1 and VF2 columns.   

VF1 VF2 

Period I II III IV I II III IV 

Operation days 0− 43 44− 59 60− 80 81− 124 0− 43 44− 65 66− 113 114− 128 
pH 7.37 ± 0.12 6.93 ± 0.26 7.0 ± 0.13 7.18 ± 0.14 7.36 ± 0.12 6.9 ± 0.24 5.64 ± 0.25 7.05 ± 0.07 
DO (mg/L) 4.24 ± 2.25 7.35 ± 0.46 8.75 ± 0.57 8.01 ± 1.8 4.02 ± 2.62 6.81 ± 0.94 8.43 ± 1.06 7.26 ± 0.27 
ORP (mV) 94.0 ± 50.9 151 ± 22 164 ± 23 206 ± 18 83 ± 57 131 ± 39 298 ± 22 193 ± 26 
TSS (mg/L) 27 ± 10 11 ± 4 13 ± 2 48 ± 38 33 ± 9 18 ± 5 17 ± 4 101 ± 72 
COD (mg/L) 102.2 ± 42.9 b 40 ± 16 a 47 ± 8 a 106 ± 58 b 261 ± 144 c 48 ± 22 a 37 ± 16 a 158 ± 75 b,c 

BOD5 (mg/L) 34.0 ± nd 15 ± 7 15 ± 5 27 ± 12 41 ± 8 10 ± 8 9 ± 7 32 ± nd 
TN (mg/L) 9.2 ± 1.9 2.8±(nd) 1.4 ± 1.1 2.1 ± 1.7 8.3 ± 1.8 3.2 ± 1.6 28 ± 3.9 d 17.5 ± 11.3 
NO3

− N (mg/L) 1.2 ± 1.7 0.5 ± 0.6 0.4 ± 0.7 0.4 ± 0.6 nd 1.5 ± 0.6 3.5 ± 0.5 1.3 ± 0.6 
NH4

+-N (mg/L) 7.3 ± 2.2 5.8 ± 2.0 2.4 ± 1.4 3.1 ± 1.0 8.6 ± 4.9 4.9 ± 2.3 37.7 ± 0.8 d 5.6 ± 3.6 
PO4

3− P (mg/L) 3.8 ± 3.3 1.7 ± 0.2 0.6 ± 0.4 0.7 ± 0.3 2.3 ± 1.4 2.7 ± 0.7 2.2 ± 0.4 6.3 ± 1.9 
Removal         
COD (%) 95.2 ± 1.3 97.4 ± 1.0 97.0 ± 0.5 93.3 ± 3.7 87.7 ± 6.8 97.0 ± 1.4 97.7 ± 1.0 90.0 ± 4.8 
BOD5 (%) 97.4 ± 1.0 98.4 ± 0.7 98.4 ± 0.5 97.1 ± 1.3 96.8 ± 0.6 99.0 ± 0.9 99.1 ± 0.8 96.6±nd 
TN (%) 85.7 ± 3.0 92.5 ± 6.2 58.8 ± 33.6 − 32 ± 107 87.2 ± 6.8 93.2 ± 3.3 41.2 ± 8.2 63.3 ± 18.1 
NH4

+-N (%) 88.7 ± 3.4 87.7 ± 4.3 17.5 ± 10.6 − 54 ± 52 86.6 ± 7.7 89.6 ± 4.7 20.8 ± 1.6 88.3 ± 21.1 
PO4

3− -P(%) 59.4 ± 34.8 75.8 ± 3.1 10.9 ± 66.2 − 19.8 ± 54 75.9 ± 14.8 60.7 ± 10.4 68.4 ± 6.5 9.4 ± 33.4 

a,b,cStatistical analysis of effluent COD (pair comparison through one-way ANOVA): different letters indicated statistically differences between mean values. d Steady 
state concentrations achieved 3 weeks since influent pH reduction. 

Fig. 2. Evolution of mean retention time (tm) in both VF units over the oper-
ation time (the VF1 point into brackets was not included in the regression fit). 

M. Sánchez et al.                                                                                                                                                                                                                               



Journal of Water Process Engineering 42 (2021) 102103

5

concentration and the percentage removal of nitrogen and phosphorus, 
but the effect on COD and BOD5 was negligible (Table 3). SS concen-
tration in effluent ranged from 10 to 30 mg/L, being not affected by the 
changes in nutrient content or pH, but by the operation time as discussed 
in Section 3.1. 

Significant differences were not found for effluent COD from VF1 at 
period III (without nutrient addition) with respect to period II of both 
VF1 and VF2 nor with respect to period III of VF2. Although effluent 
COD from VF1 at period III (also without nutrient addition) was higher 
than effluent COD from VF1 at period II, this can be attributed to the TSS 
washout due to partial clogging of filtering media (as discussed in Sec-
tion 3.1) and not to the effect of the lack of nutrients. In fact, effluent 
COD from VF1 at period III was not statistically different from effluent 
COD of VF2 at period IV (with nutrient addition and circa neutral 

influent pH). 
In this way, the mean COD and BOD5 removal during an operation 

period of about 2 months with high organic load (1573 mg COD/L, 954 
mg BOD5/L; approximately the length of peak loading of winery 
wastewater) and very low nitrogen and phosphorus load (below 3 mg N/ 
L and 1 mg P/L) remained above 93 and 97 %, respectively, and very 
close to those of reference period. 

The change of the influent with nutrients to the influent without 
nutrients had a reduced effect on the effluent concentration of nitrogen 
and phosphorus compounds because this concentration was already 
very reduced due to the efficient removal in the reference period. The 
effluent concentration of nutrient compounds still decrease during 
period III and positive removal percentages were maintained. However, 
during period IV, mainly during the last days of this period, the increase 
in effluent TSS (Fig. 3A) was accompanied by a slight increase in 
nutrient concentration which led to negative removal percentages dur-
ing period IV of VF1 (Table 3). 

The positive effect of nutrient addition was demonstrated in two 
wetland systems treating a nutrient-deficient waste stream (aircraft 
deicing runoff) in which the treatment performance improved in 
response to nutrient addition and operational problems such as foaming 
and slime formation were eliminated [12–14]. These results are con-
tradictory to those obtained in the present study and could be due to the 
different nature of the effluents treated in both studies. Murphy et al. 
[14] pointed out that the metabolic response of heterotrophic bacteria 
growing under nutrient-limited conditions is to produce an excess of 
polysaccharide slime, which can result in reduced hydraulic perfor-
mance. In this situation, an increase of viscosity occurs. However, in our 
study, effluent viscosity was low, being at period IV only 7 % (VF1) and 
3 % (VF2) higher than that of distilled water. Richard [28] stated that 
checking for nutrient deficiency is to be sure that some ammonia or 
nitrate and ortho-phosphate remain in the effluent at all times, and 
recommended effluent total inorganic nitrogen (ammonia plus nitrate) 
and ortho-phosphate concentrations of 1− 2 mg/L to ensure sufficient 
nutrients. Following these criteria, nutrient deficiency did not occur in 
this study during the treatment of low nutrient wastewater. In fact, 
effluent concentration of inorganic nitrogen and ortho-phosphate still 
increased during the last days of period IV (VF1) probable due to 
nutrient recycling in the filtering bed. 

On the other hand, Murphy et al. [14] found high yield ratios 
(0.77− 0.90 kg bacteria per kg BOD5) which were typical of technologies 
with rapid growth of bacteria, whilst technologies that rely on very 
stable and mature bacteria populations have lower yield ratios [13]. 
CWs are extensive systems in which the growth and accumulation of 
biomass should be low, and then the need of nutrients should also be low 
[3]. 

In this work, a COD/N/P ratio of 250/7/1 was used for the start-up 
and reference periods (I and II for VF1), which corresponded to a po-
tential biomass yield of 0.66 g biomass/g BOD5 (assuming BOD5/COD 
ratio of 0.5 and 8.5 % N of cell composition). During low nutrient pe-
riods (III and IV), the COD/N/P ratio increased up to 7500/7/2.5 (po-
tential yield of 0.02). Although the COD/TN ratio in the influent was 
very low, the small amounts of nutrients available in the synthetic 
winery wastewater in combination with nutrient recycling in VF1 CW 
appear to be sufficient for efficient treatment. On the other hand, if 
nutrients had to be added, the required amounts would be much lower 
than those proposed by Murphy et al. [14] for CWs treating aircraft 
deicing runoff, who indicate nutrient dosing for a yield of 1.0. The 
presence of nutrients in our study was even lower than that reported by 
Holtman et al. [25] for their long-term study (COD:N:P ratio of 
1138/1.6/2.4) treating winery wastewater in biological sand filters 
without nutrient addition. To explain why COD removal efficiency was 
high despite nutrient limitation in the influencer, Holtman et al. [25] 
point out that bacterial fixation of N can take place in this type of 
systems. 

Fig. 3. Evolution of VF1 and VF2 effluent concentration of TSS (A), COD (B), 
BOD5 (C), DO (D) and VF2 nitrate and ammonia concentration (E). (Note: The 
length of operational periods is indicated in Fig. 3A and their numerical values 
in Table 3). 
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3.3. The effect of low pH on the VF2 unit performance 

The acidity of winery wastewater in particular during vintage can be 
considered as a factor influencing the performances, even though in 
most of the experiences examined by Masi et al. [3], the need for 
chemical neutralization has not been considered. This may be because 
the pH varies in a very wide range, depending on the specific operating 
conditions of the winery, due, for example, to the use or not of alkaline 
cleaning products. The reported pH ranges from 2.5 to 12.9 [4], while 
several authors have indicated mean values in the range of 4.4 to 6.8 [3, 
11,29], which are not extremely acidic. However, very acidic pH values 
are also common, especially during harvest when the highest contami-
nant loads are generated. Ioannou et al. [29] reported that approxi-
mately half of the studies reviewed recorded pH values below 4.0. 

In this study, the operation at low pH of 4.5 (period III, VF2) did not 
reduce the COD, BOD5 and phosphate removal efficiency (Table 3). 
Significant differences were not found for effluent COD from VF2 at 
period III (influent pH of 4.5) with respect to period II (influent pH of 
6.5) of both VF1 and VF2. High percentage removals of 97–98 % (COD), 
99 % (BOD5) and 61–68 % (PO4

3− -P) were obtained at both influent pH 
values of 6.5 and 4.5. 

These results are in accordance with the suggestion of Serrano et al. 
[6]. From multivariate analysis applied to a hybrid CW system treating 
winery wastewater on a field scale, these authors found that the 
long-term effect of low pH on the treatment efficiency (COD and BOD5) 
was insignificant. pH effect on the performance of horizontal subsurface 
flow CWs was also discarded by de la Varga et al. [27]. 

However, low pH clearly reduces ammonia and TN removal 
(Fig. 3E). Effluent concentration of ammonia in VF2 showed a contin-
uous increase during approximately 3 weeks after lowering the influent 
pH to 4.5 and then remained stable for the rest of period III. Ammonia 
accumulated in the effluent even though the pH of the effluent remained 
above 5.4 during this period. The large removal of COD and BOD5 
(98–99 %, Table 3) means the removal of most organic acids, but this 
effect was not sufficient to maintain the near-neutral effluent pH 
reached in previous periods. 

TN followed the same trend of ammonia, whilst nitrate suffered an 
initial increase up to 7 mg N/L and progressively decreased to 3.5 mg N/ 
L. In spite of the reduction of nitrification, effluent nitrate during period 
III was higher than during period II and period IV (Table 3). In addition, 
ammonia removal decrease from 90 % to 21 % and TN removal from 93 
% to 41 %. Thus, low influent pH impaired both nitrification and 
denitrification process. Nevertheless, the effect on nitrification was 
stronger than the effect on denitrification. If nitrified ammonia is 
considered to have been converted to nitrate (i.e., 9.9 mg N / L on 
average for period III, Tables 2 and 3), the VF2 unit continued to remove 
72.7 % of the nitrate available during the period III. 

These effects of acidic influent pH occurred in spite that the effluent 
pH was kept above 5.4 (mean value of 5.64 ± 0.25 during period III of 
VF2 unit, Table 3). This behaviour partial neutralization is typical of CW 
systems treating winery wastewaters. CWs have the capacity to increase 
the winery wastewater pH in some extension. For example, Serrano et al. 
[6] reported a pH increase from 5.0 ± 1.2 to 6.0 ± 0.9 when treating 
winery wastewater at high SLR. Treating the wastewater from wineries 
in biological sand filters, an effective pH neutralization was achieved for 
a pH influent above 4.6 (average influential pH approximately 6.0) and 
volumetric loading rates of 152 g COD/m3⋅d [25], as well as for a pH 
influent of 3.5 and volumetric loading rates of 46 g COD/m3⋅d [24]. 
These findings suggest that the application of a lower SLR on VF CWs 
would offer greater neutralizing capacity and thus maintain good 
ammonia removal rates. 

pH increasing or decreasing during wastewater treatment depends 
not only on the pH of the influent but also on the nature and extent of 
conversion processes in the CW. Treating domestic wastewater, VF CWs 
clearly enhance nitrification in comparison to horizontal flow CWs, but 
nitrate trend to accumulate in the final effluent and limit TN removal. 

Limited nitrogen removal was due to the pH decrease to approximately 
4.5 which impaired both nitrification and denitrification in a two-step 
VF + VF CWs system [18]. This is because the activity of nitrifying 
bacteria decreases rapidly when the pH drops below 6.5 [30]. Torrijos 
et al. [18] reported that maintaining effluent pH above 6 through alkalis 
addition clearly increased nitrification and TN removal. 

In the present study, the negative effects of low influent pH were 
progressively overcome in a short 10 day period after influent pH in-
crease as indicated by the results of period IV VF2 (Table 3). 

As indicated by Masi et al. [3], potential effects of acidic influent pH 
on the efficiency of CWs treating winery wastewater remained un-
known. Reports on this subject for other kind high organic load waste-
water are scarce. Similar to winery wastewater, wood waste leachate 
was characterized by high oxygen demand, tannin and lignin, and vol-
atile fatty acids (VFAs), but low pH and nutrients. During wood waste 
leachate treatment in CWs, nutrient addition and pH adjustments helped 
to improve contaminant removal [31]. Closer to neutral pH circum-
stances, along with higher mean temperatures during the warmer period 
of year, favoured microbial activity. Besides, Lattrie et al. [32] reported 
that a CW treating multiple livestock wastewaters was not capable of 
reducing high levels of pollutants from the high strength silage leachate 
and its low pH. However, the results of the present study clearly indicate 
that an acidic influent of 4.5 pH did not impair the organic matter and 
phosphorus removal, whilst nitrogen removal rates appeared clearly 
reduced. 

3.4. Reviewing the strategy for separate or combined treatment of winery 
wastewater and nitrogen-containing effluents 

The application of constructed wetland systems for the treatment of 
winery wastewater started in around 2000s in the USA, France, Italy, 
Germany, Spain and South Africa. Nowadays, there are, for instance, 
about 100 CW systems operating in Northern and Central Italy for 
winery wastewater [3]. CWs were recently reported to be the most 
common type of on-site treatment in the Niagara region [4]. Due to the 
high acidity and lack of nutrients, the main trend was to combine the 
effluents from the wine production process with other effluents available 
in the vicinity that provided nutrients and contributed to the neutrali-
zation of the winery effluent. As highlighted by Masi et al. [3], this is a 
frequent situation in many small wineries in Europe. However, this may 
not be the best strategy, as the results of this study show, results that 
must be taken into account when designing and operating CW systems 
that treat combined winery and another type of wastewater containing 
large amounts of nitrogen. 

According to de la Varga et al. [1], winery wastewater should not be 
diverted from other wastewater streams generated in the winery in order 
to guarantee a minimal level of nutrient availability. In fact, different 
kind of effluents can increase the level of nutrients in the treated 
wastewater [6,17]. However, the results of this research suggest the 
potential interest of a separate treatment of wastewater from the winery 
process when this is the main flow. In this situation, the incorporation of 
domestic wastewater and other nutrient-containing streams may not be 
sufficient to neutralize the pH, but may add a high level of nitrogen 
compounds, which in turn are difficult to remove if the influent is no 
further neutralized. Considering that pH discharge limits are not always 
required [4] or are less restrictive than limits in N compounds (pH range 
5.5–9.5) [26], this study indicates that winery wastewater with very low 
nutrient organic load can be treated at high surface loading rates in VF 
CW to meet TSS, COD and BOD5 discharge limits. The use of VF CW can 
avoid the addition of nutrients and pH adjustment needed for other 
biological treatment processes, as reported by Johnson and Mehrvar [4]. 
In addition, this option limits the presence of pathogenic contamination 
in the treated effluent, which is the main obstacle to meeting some reuse 
standards [11]. 

As an option, a separate pre-treatment of the nitrogen-rich effluent 
would be more successful. This nitrification pre-treatment is very 
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effective in VF CW [33,34]. In this case, the pre-nitrified effluent can 
then be combined with the winery effluent for final treatment, including 
complete denitrification, as the results indicate a lower effect of pH on 
denitrification than on nitrification. Alternatively, nitrogen-rich effluent 
can be maintained in an always independent CWs treatment line, using a 
fraction of the winery raw wastewater as an external carbon source to 
increase the C/N ratio and favour complete denitrification [35]. 

When the aim is to treat the effluent for reuse in irrigation, it may 
always be of interest to keep the streams separate to avoid the presence 
of pathogens in the treated winery wastewater, or to mix them only after 
their advanced treatment (if the conditions of storage require it), as the 
lower content of organic matter in the treated effluents would limit the 
growth of pathogens [36]. 

4. Conclusions 

One-step VF CW units receiving influent COD concentration in the 
range of 1500–2100 mg/L reached percentage removals of 88–98 % 
COD, 96–99 % BOD5, 59–93 % TN, 87–90 % ammonia and 59–76 % 
phosphorus at high surface loading rate which ranged from 110 to 172 g 
COD/m2⋅d. Typical nutrient shortage of winery effluents and low pH do 
not affect the removal efficiency of COD and BOD5. The VF CW unit 
receiving an influent with a COD/N/P ratio 3500-7500/7/2.5 for a 
period of 2 months (approximately the length of peak loading of winery 
wastewater) maintained reduced but steady nutrient concentrations in 
the effluent due to the low biomass yield and nutrient recycling, which 
contributed to maintain the high treatment efficiency. However, low pH 
clearly produced high ammonia effluent concentrations if nitrogen is 
present in the influent. When the pH changed from 6.5 to 4.5, ammonia 
removal decreased from 90 % to 21 % and TN removal from 93 % to 41 
%, increasing the effluent concentration of both ammonia and nitrate. 
Thus, low influent pH impaired both nitrification and denitrification 
processes in VF CWs. Joint treatment of winery wastewater with do-
mestic wastewater and other nutrient-containing streams is an option to 
increase nutrient availability. However, this is not necessary for the 
efficient treatment of wastewater from wineries, while creating the risk 
of partial nitrogen removal due to the negative effect of low pH. The 
results indicate that the separate treatment of wastewater from the 
winery process can be carried out in VF CWs at a higher rate, without 
prior pH neutralization and more efficiently than in the case of its 
combination with other nutrient-containing streams. 
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