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Abstract: Wastewater produced during the wine-making process often contains an order of magnitude
greater chemical oxygen demand (COD) concentration than is typical of domestic wastewater. This
waste stream is also highly variable in flow and composition due to the seasonality of wine-making.
The recent growth of small-scale wineries in cold climates and increasing regulations present a need
for low-cost, easily-operable treatment systems that do not require large amounts of land, yet maintain
a high level of treatment in cool temperatures. This research investigates the use of a subsurface
vertical flow constructed wetland (SVFCW) to treat winery wastewater. In this study, clinoptilolite,
tire chips, and a nano-enhanced iron foam were used to enhance bench-scale gravel cells to adsorb
ammonia, nitrate, and phosphorus, respectively. The treatment systems, without nitrogen adsorption
media, performed well, with >99% removal of COD and 94% removal of total nitrogen. Treatment
systems with the nitrogen adsorption media did not enhance nitrogen removal. Equilibrium was
reached within two weeks of start-up, regardless of prior inoculation, which suggests that microbes
present in the winery wastewater are sufficient for the start-up of the wastewater treatment system;
therefore, the seasonality of winery wastewater production will not substantially impact treatment.
Operating the treatment systems under cool temperatures did not significantly impact COD or
total nitrogen removal. Further, the use of nano-enhanced iron foam exhibited 99.8% removal of
phosphorus, which resulted in effluent concentrations that were below 0.102 mg/L P.
Keywords: winery wastewater; constructed wetland; cold weather wetland; vertical flow wetland;
nutrient adsorption

1. Introduction
In 2018, wine production reached a record volume, with over 293 million hectoliters being
produced globally [1]. As the largest consumer, the United States is also the fourth-largest producer of
wine globally [1]. Wine produced in the United States comes from wineries of many sizes; wineries that
produce over 500,000 cases per year are considered to be large, and wineries producing less than 50,000
cases per year are small [2]. Currently, only 341 of the 10,185 wineries in the United States are classified
as medium or large, and the rest are classified as small, very small, or limited production [2]. These
smaller wineries dominate the Michigan wine industry. In 2018, there were nearly 150 wineries [3],
71% of which were ten acres or less in size [4]. These 150 wineries bottle more than 11.3 million liters
(>3 million gallons) of wine annually [5]. It is estimated that, for every liter of wine produced, 2.86–4 L
of wastewater is generated [6,7], which suggested that Michigan produced 45.4 million liters (12 million
gallons) of winery wastewater in 2018.
Appl. Sci. 2020, 10, 1063; doi:10.3390/app10031063
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The composition of winery wastewater is highly variable between wineries as a result of general
management practices, the amount of water used, the size and design of the winery, and different
wine-making techniques [8–12]. Winery wastewater quantity and quality vary, even within a single
winery due to the various steps in wine-making and the type of wine produced [6,9,11,12]. Wastewater
is generated throughout the wine-making process, which has five distinct stages: harvest, crush,
fermentation, racking and clarification, and aging and bottling. The harvest period produces the
highest chemical oxygen demand (COD) strength wastewater and accounts for the largest volume of
winery wastewater produced [8,13]. Small wineries may generate up to 80% of their wastewater during
this period [8]. After the harvest season, wastewater production is at a minimum and it depends on
daily activities [8].
Winery wastewater is high in organic matter from grapes and wine [8,9]. This organic matter
contributes up to 85% of all contaminants in winery wastewater. The remaining organic matter includes
yeast, alcohol, esters, sugar, soluble organic acids, tannins, lignin, and polyphenols [9,13]. Table 1
presents a summary of conventional wastewater pollutants in winery wastewater, as reported in the
literature. In addition to organic matter, nitrogen and phosphorus are of primary concern. Proteins
that are removed during stabilization of wine are the predominant source of these nutrients. The use
of phosphate detergents can also drastically increase the phosphorus concentrations [14]. Potassium
and sodium are often found in high concentrations in winery wastewater due to cleaning agents and
excess grape juice [8].
Table 1. Conventional wastewater pollutants in winery wastewater as reported in literature.
Parameter

Unit

Minimum

Maximum

Average

References

Chemical Oxygen
Demand (COD)

mg/L

320

296,119

11,654

[10,13,15–36]

Biochemical Oxygen
Demand (BOD5 )

mg/L

125

130,000

8024

[10,20,24–26,32,34,36]

Total Solids

mg/L

1602

79,635

11,311

[20,34,37]

Total Volatile Solids

mg/L

130

54,952

4174

[19,20,24,34]

Suspended Solids

mg/L

60

30,300

1435

[10,15,16,19,20,22,24,25,29,
30,32–34,36]

pH

-

3.0

12.9

5.3

[13–16,19–22,24,25,27,28,30,
32–36]

Total Kjeldahl Nitrogen

mg/L

0

415

110

[20,24,28,34]

Total Nitrogen

mg/L

10

415

118

[10,15,19,24,29,32–34,36,38]

Ammonia Nitrogen
(N-NH3 )

mg/L

0.001

21.1

-

[10,29,36]

Phosphorus

mg/L

3.3

188.3

39.5

[10,19,20,24,25,29,33,34,36]

Sodium

mg/L

7

470

204

[14,20]

Potassium

mg/L

29

353

201

[14,20]

Without proper treatment, the discharge of winery wastewater can result in adverse health
and environmental consequences, such as methemoglobinemia in infants [39], eutrophication,
cyanobacterial blooms [40], and cyanotoxins [41]. Metal mobilization is an additional environmental
concern when wastewater is treated while using land application. Naturally occurring metals in
the soil may become chemically reduced as oxygen becomes depleted during microbially mediated
oxidation-reduction reactions [42]. Metals in the soil, such as manganese and iron, are water-soluble
when chemically reduced, which allows for groundwater contamination [42].
Regulations have been set to mitigate the impacts of wastewater discharges, and new,
more restrictive regulations are driving the development of technologies for winery wastewater
treatment [6,43,44]. Many wineries are located rurally and they do not have access to public sewers.
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Those that do often face high surcharges due to the acidic pH and high COD in the wastewater [6,13]
make onsite treatment an attractive alternative. Historically, onsite treatment of winery wastewater at
small wineries has been accomplished by land application [6], but stricter regulations have increased
the land that is needed for treatment, reducing that available for vineyards. Currently, activated sludge
systems represent the majority of treatment systems at European wineries [6], but they are complex to
operate for small wineries and are expensive due to high energy use [7,9]. Emerging treatment systems
for winery wastewater include membrane bioreactors, jet-loop activated sludge, and air micro-bubble
reactors, as summarized in Mosse et al. (2011) [9]. However, these technologies may not be applicable
to small-scale wineries due to their cost, complexity, and limited demonstrated applications [9].
Further, the high variability in strength and volume of winery wastewater is challenging for
small-scale wineries that treat their wastewater onsite in order to meet regulations. Northern wine
regions, such as Michigan, face the additional challenge of maintaining treatment during cold winter
months. For these reasons, it is necessary to develop a low cost, low complexity treatment system that
requires less treatment area than traditional land application methods. The treatment system must also
be able to handle the high strength and irregular production of winery wastewater, as well as maintain
treatment performance during cold weather.
Subsurface vertical flow constructed wetlands (SVFCWs) have been previously used to treat
diverse, high strength wastewater [45,46]. In a prior study in our laboratory, SVFCWs were used to
biologically treat wastewater in three subsurface gravel cells, where a layer of soil above the SVFCW
prevented freezing conditions [47]. An extensive pretreatment system that included a septic tank
and an effluent filter mitigated issues that were related to bed clogging [47]. Following pretreatment,
wastewater was distributed into the system at the vegetated surface during warm months or below the
soil layer during cold months [47]. All of the microbial processes occurred within the lined cells, this
preventing metal mobilization. Microbial processes are the main treatment mechanism in SVFCWs,
which presents some challenges. During the start-up period of the SVFCW, or after an extended
period of no wastewater inflow, nitrogen might not be entirely removed, as nitrifying bacteria grow at
much slower rates than heterotrophic bacteria [48]. Additionally, it has been shown that vertical flow
wetlands do not significantly remove phosphorus [49].
Previous research on SVFCWs indicates its applicability in treating the organic matter in winery
wastewater. However, additional treatment using adsorption media might be required to continuously
remove nitrogen and phosphorus during cold weather and after periods of low or no flow of wastewater.
Recent research has shown promising results for this type of wastewater for the sorption of ammonia
while using the natural zeolite mineral, clinoptilolite [50], and nitrate using tire chips [51]. Sorption
allows for the removal of these nutrients, while microbial communities build up and become adequate
to treat the nitrogen completely; during periods of low flow of wastewater through the media,
these inexpensive materials can be microbially regenerated in-place, which allows for its continued
use [51–53]. Additionally, oyster shells with a composition of 95% calcium carbonate [54] are added
to provide pH buffering [51]. In a prior study, scrap tire chips (1–1.5 cm particle size) were found to
leach small amounts of bioavailable organic carbon that supported denitrification [51]. Although low
concentrations of zinc, selenium, manganese, antimony, and cobalt were detected, other metals of
concern were below the detection limits (see Krayzelova et al. [51] for a review of toxicology studies).
Moreover, tire chips have been approved for use in onsite drain field applications in several states [55].
Engineered nano-enhanced media are becoming commercially available to adsorb phosphorus and they
can be easily regenerated, and the phosphorus recovered as a fertilizer. For this research, PO4Sponge,
by MetaMateria Technologies, Columbus, OH, was used. This adsorption media is a nano-enhanced
iron foam that is composed of iron oxide nanocrystals of oxyhydroxide. Its alumino-silicate bonded
porous structure gives it increased porosity and contact time, high adsorption rates, and an adsorption
capacity ranging from 20–50 mg phosphorus/g media [56].
This research investigates the utility of an SVFCW with nitrogen and phosphorus adsorption
media to treat winery wastewater. Performance data were collected from bench-scale treatment
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systems under normal operating conditions, in reduced temperatures, and after periods of no-flow
of wastewater.
2. Materials and Methods
This project consisted of two studies to assess the utility of an SVFCW and adsorption media
in treating winery wastewater. A six-month column study (Carbon and Nitrogen Removal Study)
investigated the use of an SVFCW and nitrogen adsorption media to treat winery wastewater under
various conditions. The use of PO4Sponge to remove the total phosphorus from treated effluent
was assessed in a one-month Phosphorus Removal Study. The plants were not investigated in this
project, as plants do not continuously take up nutrients during cold winter months. During summer
months, plants assist treatment by increasing oxygen diffusion into the root zones [57]. Additionally,
the subsurface application of the wastewater used during cold weather is below the root zone of most
wetland-style plants [47,57]. As such, it was determined that excluding plants and only investigating the
biofilter portion of the constructed wetland would result in the most conservative experimental design.
2.1. Wastewater
Wastewater was collected on two separate occasions during the harvest and crush period
from a small winery in central Michigan. This winery produces both red and white wine, totaling
approximately 2400 cases per year. Process water from the winery is separate from domestic effluent
and it was collected from a sampling maintenance hole that was located upstream of a septic tank. The
winery wastewater was contained in 19-L (5-gallon) carboys and stored at approximately 4 ◦ C, allowing
for the wastewater to remain cold but not frozen. Critical wastewater water quality parameters,
including COD, total nitrogen, and total phosphorus, were monitored to ensure relatively consistent
influent quality. Supplemental nutrients were added to the wastewater when a key parameter
deviated far from the average value. COD and ammonia were observed to degrade the most during
storage. These were supplemented with glucose and ammonium chloride, respectively. Table 2
summarizes influent concentrations of critical parameters. A random wastewater sample was analyzed
for biochemical oxygen demand (BOD5 ) and it was found to have a COD: BOD5 ratio of 1.57. This
ratio is within the range of 1.45–1.76, as described by Table 1, and a review paper by Mosse et al.
(2011) [9], which indicated that the wastewater that was used in this study was representative of
typical winery wastewater. However, it is important to note that concentrations in the wastewater are
lower than the average values typically reported in the literature (Table 1). However, these values
are consistent with those that were published in a study commissioned by the Michigan Department
of Rural and Agricultural Development, which examined five Michigan wineries and also reported
higher wastewater to wine ratios [58]. The lower concentrations and higher flows are hypothesized to
be caused by more relaxed water management practices in Michigan.
Table 2. Influent wastewater characteristics.
Parameter

Units

Minimum

Maximum

Mean

COD
Total Phosphorus
Total Nitrogen
Ammonia Nitrogen
Nitrate Nitrogen
pH

mg/L
mg/L
mg/L
mg/L
mg/L
-

2780
14.0
12.2
3.6
0.9
4.3

8110
44.0
58.5
29.1
27.1
6.0

5810
21.5
33.3
13.7
4.2
4.9
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2.2.2. Media
2.2.2. Media
The first system served as the control for determining the impact of nitrogen adsorption media
The first system served as the control for determining the impact of nitrogen adsorption media
and contained only gravel, which was approximately 0.64-cm (0.25-inch) in diameter. The second
and contained only gravel, which was approximately 0.64-cm (0.25-inch) in diameter. The second
system (Treatment 1) had clinoptilolite (sieved to 1.18–2.36 mm diameter) and gravel that were mixed
system (Treatment 1) had clinoptilolite (sieved to 1.18–2.36 mm diameter) and gravel that were mixed
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into the first column and only gravel in the second column. The fourth system (Treatment 2b) replicated
the third (Treatment 2a). These systems included clinoptilolite and gravel in the first column and tire
chips (hand-sorted to a particle size of 1–1.5 cm), oyster shells (sieved to 1.18–2.36 mm), and gravel in
the second column. The third column of each system was a polishing column with only gravel present.
A 3.8-cm (1.5-inch) layer of river rock, approximately 1.9-cm (0.75-inches) in diameter, at the bottom
of each column kept the gravel from blocking the bottom inlet/effluent hose barb. The adsorption
media was only included in the column between the inlet/effluent hose barbs and it was mixed with
gravel before packing to ensure consistent distribution. Table 3 summarizes the media in each system
and column.
Table 3. Media in each treatment column.
Treatment System

Column 1

Column 2

Column 3

Control
Treatment 1
Treatment 2a
Treatment 2b

Gravel
Gravel, clinoptilolite
Gravel, clinoptilolite
Gravel, clinoptilolite

Gravel
Gravel
Gravel, tire chips, oyster shells
Gravel, tire chips, oyster shells

Gravel
Gravel
Gravel
Gravel

The literature indicates that winery wastewater has a high concentration of potassium, which is a
competing ion for ammonia removal by clinoptilolite. Although not routinely monitored, potassium
concentrations in the wastewater that were used in this study were measured and found to be similar
to those reported in the literature (data not reported). As such, the presence of competing ions was
accounted for in determining the quantity of clinoptilolite. Rodriguez-Gonzalez [63] observed an
adsorption capacity of 11.69 mg NH4 + -N/g clinoptilolite in the presence of competing ions in an
adsorption isotherm study with 100 mg NH4 + -N/L and 5 mg K+ /L. This adsorption capacity, influent
ammonia concentrations, and an expected microbial start-up period of 14 days [63] were used to
calculate the amount of clinoptilolite that was added to the treatment columns. The mass of tire chips
and oyster shells was determined based on influent concentrations, adsorption isotherm studies that
were conducted by Krayzelova et al. (2014) [51], and also assumed a 14-day start-up period. The
addition of oyster shells was based on a mass ratio of tire chips to oyster shells of 250:13 [51]. Table 4
details the volumetric factions of media added to the treatment columns.
Table 4. Fraction of media added by volume.
Treatment Column

Material

Mass Fraction

Treatments 1, 2a, and 2b Column 1

Gravel
Clinoptilolite

0.988
0.012

Treatments 2a and 2b Column 2

Gravel
Tire Chips
Oyster Shells

0.965
0.034
0.001

2.2.3. Inoculation
Each column was inoculated with secondary effluent wastewater before operating the treatment
systems. The inoculum was collected from a local wastewater treatment plant that is permitted for
maximum weekly and daily effluent carbonaceous BOD5 concentrations of 4 and 9.9 m/L, maximum
monthly and daily effluent ammonia concentrations of 0.27 and 5.03 mg NH4 -N/L, and maximum
monthly total phosphorus concentrations of 0.95 mg/L P (NPDES Individual Permit MI0021717 v5.0).
The inoculation of the systems was completed by filling each column with the wastewater, holding it
within the column for five days, and letting it drain for two days before operation.
An additional test investigated the start-up period for an SVFCW without inoculation. This test
used four columns with the same configuration as Column 1 in the Carbon and Nitrogen Removal
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Study; two columns were filled with gravel only, and two columns were filled with gravel and
clinoptilolite. These columns were not inoculated before system operation.
2.2.4. Operating Conditions
Different operating conditions, or phases, were tested in the Carbon and Nitrogen Removal Study.
The first phase was considered to be standard operating conditions. This phase was carried out at
room temperature (20 ◦ C) and the wastewater was distributed into the SVFCWs four times per day
at 8 am, 11 am, 2 pm, and 5 pm. This schedule was chosen to simulate the frequency of wastewater
production at a small winery where wastewater is produced in batches rather than continuously.
Wastewater was distributed at an approximate surface loading rate of 5.18 kg COD/m2 /d (1.06 × 10−2
lb COD/ft2 /d); this loading rate was previously determined to be optimum for a cold-weather SVFCW
treating milking facility wastewater [45], but had not been tested for winery wastewater. The resulting
hydraulic loading rate was 6.87 L/m2 /d (0.17 gal/ft2 /d). The resulting hydraulic retention time was
approximately two weeks and the saturated column controlled it. The second phase maintained the
temperature and surface loading rate of Phase 1, but the distribution of wastewater was changed to
even, 6-h increments throughout the day. The third phase maintained the loading frequency and rate
of Phase 2, but reduced the temperature of the system to 10 ◦ C. The start-up test was operated with the
same conditions as Phase 2. The influent wastewater was allowed to settle out solids for a minimum of
24 h before distribution to the treatment systems in each phase and test.
2.3. Phosphorus Removal Study
2.3.1. Experimental Design
Phosphorus removal must occur after the SVFCW, so that microbial processes have the phosphorus
necessary for the degradation of other nutrients. As such, the phosphorus removal study was designed
to simulate a treatment system with a settling tank as primary treatment, the SVFCW as secondary
treatment, and PO4Sponge as tertiary treatment. This treatment system design allows for flexibility in
full-scale implementation, as the tertiary treatment is easily removed if phosphorus removal is not
necessary at a winery.
The Phosphorus Removal Study used 3.8-cm (1.5-inch) diameter columns with a 2.5-cm (1-inch)
layer of gravel at the bottom to prevent media washout. One column served as the control and only
contained the gravel layer (Control). Two columns contained the gravel layer and PO4Sponge (Test and
Replicate). The quantity of PO4Sponge was determined following the manufacturer recommendation
for an empty bed contact time of 30 min. for influent concentrations of 10–20 mg/L total phosphorus [64].
Wastewater was pumped into the top of the columns and directly distributed onto the adsorption
media (Figure 2).
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2.3.3. Operating Conditions
The Phosphorus Removal Study was carried out for 36 days. This study was conducted at room
The Phosphorus Removal Study was carried out for 36 days. This study was conducted at room
temperature (20 ◦ C), and the wastewater was distributed into the columns at the same hydraulic loading
temperature (20 °C), and the wastewater was distributed into the columns at the same hydraulic
rate and frequency used in Phase 2 of the Carbon and Nitrogen Removal study. The daily volume of
loading rate and frequency used in Phase 2 of the Carbon and Nitrogen Removal study. The daily
wastewater that was distributed into the columns was equal to that distributed into the SVFCW.
volume of wastewater that was distributed into the columns was equal to that distributed into the
SVFCW.
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Environmental
Protection
AgencyTesting,
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testing standards,
with the exception
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[65].
standard procedures, as summarized in Table 5. All of these methods are compliant with United
States Environmental Protection Agency (USEPA) testing standards, with the exception of total
nitrogen [65].
Table 5. Testing methods.
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Table 5. Testing methods.
Test

Method

Minimum Detectable Limit

HACH Method

Phosphorus, Total (High Range)

Ascorbic Acid

0.5 mg/L PO4 -P

10,209

Phosphorus, Total (Ultra Low Range)

Ascorbic Acid

10 µg/L PO4 -P

10,209

COD

Reactor Digestion

20 mg/L

8000

BOD5

Luminescence
Measurement of
Dissolved Oxygen

3 mg/L

10,360

Nitrogen, Total

Persulfate Digestion

1 mg/L

10,208

Nitrogen, Ammonia

Dimethylphenol

0.2 mg/L NO3 -N

10,206

Nitrogen, Nitrate

Salicylate

1 mg/L NH3 -N

10,205

pH

pH probe

1

Calibrated probe

A standard, random replicate, and blank sample were included in the testing for quality assurance
and control at an approximate rate of 10%. Table 6 summarizes the percent relative range between
replicates of each study and parameter and it is separated by study and parameter. The percent
recovery of the tested standards and their supposed value is summarized in Table 7 and is separated
by study and parameter.
Table 6. Percent relative range.
Test
Phosphorus, Total (High Range)
Phosphorus, Total (Ultra Low
Range)
COD
Nitrogen, Total
Nitrogen, Ammonia
Nitrogen, Nitrate

Carbon and Nitrogen Removal
Study

Phosphorus Removal Study

N/A

1.7

N/A

4.9

4.5
7.1
5.4
7.2

N/A
N/A
N/A
N/A

Table 7. Percent recovery.
Test

Carbon and Nitrogen Removal Study

Phosphorus Removal Study

Phosphorus, Total (High Range)
Phosphorus, Total (Ultra Low Range)
COD
Nitrogen, Total
Nitrogen, Ammonia
Nitrogen, Nitrate

N/A
N/A
97.6
95.5
95.5
99.4

97.4
94.3
N/A
N/A
N/A
N/A

2.5. Statistical Analysis
Statistical analysis was performed while using a repeated measures mixed model procedure in
SAS v. 9.4 (SAS Institute Inc., Cary, NC, USA) with the influent concentration as a covariate. The
repeated effects included “Days from Start” with “Column” nested within “Treatment” as the subject.
Significant treatment effects were defined as p < 0.05, and the trending treatment effects were defined
as p < 0.10. For significant effects, comparisons were made while using Tukey’s post-hoc analysis.
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Figure 3. Variation of influent and effluent concentrations in each treatment system. Solid vertical
lines separate the three phases. Effluent results below the detectable limit were plotted at half the
detectable limit.
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3.1.1. COD
The influent concentrations of COD varied throughout the study, but they were generally between
5000–6000 mg/L. Phase 1 had an average influent concentration of 6189 mg/L, Phase 2 was 4997 mg/L,
and Phase 3 was 5851 mg/L. Despite the varying influent concentrations, 90% of all effluent samples
were below 50 mg/L, and 33% were below the detection limit of 20 mg/L. Across all of the treatment
systems and phases, over 90% of the total COD removal occurred in the first column. No significant
differences in COD removal were observed between the control system and the treatment systems
with the nitrogen adsorption media (p > 0.05).
The high level of treatment that was observed throughout the study was consistent with the
performance of other configurations of vertical flow constructed wetlands for the treatment of winery
wastewater and previous applications of this system in treating milking facility wastewater. In a
2011 study by Serrano et al. (2011) [11], the vertical flow stage of a hybrid constructed wetland was
shown to remove up to 70% COD from winery wastewater. The influent concentrations to the vertical
flow stage ranged from 422 to 2,178 mg/L COD and surface loading rates to this stage ranged from
4.3 × 10−2 to 4.66 kg COD/m2 /d (8.78 × 10−3 to 9.5 × 10−2 lb COD/ft2 /d) [11]. Rozema et al. (2016) [46]
monitored six years of performance data from a similar system treating winery wastewater that was
mixed with domestic wastewater in the cold-weather climate of Ontario, Canada. The system had
four subsurface treatment cells that contained a gravel-and-sand mixture with the third cell saturated
and containing wood chips to facilitate denitrification. This system had a surface loading rate of
3.4 × 10−2 kg COD/m2 /d (6.96 × 10−3 lb COD/ft2 /d) and treated an average influent concentration of
3043 mg/L COD during the six warmest months of the year and 2117 mg/L COD during the six coolest
months of the year. This system consistently removed an average of 99% COD [46]. In a 2015 study,
Campbell & Safferman (2015) [45] observed 96% COD removal while using an SVFCW to treat milking
facility wastewater with an average influent concentration of 736 mg/L COD. Although the influent
concentration was lower than that used in this study, the treatment systems were sized while using
the same surface loading rate of 5.18e-2 kg COD/m2 /d (1.06 × 10−2 lb COD/ft2 /d) [45]. This surface
loading rate is the greatest of the discussed systems, which indicated the smallest land area needed for
maintaining high treatment efficiency. A review of biological treatment systems for winery wastewater
found that COD removal efficiencies are generally within 90–95% of total COD due to the recalcitrant
soluble fraction of COD that cannot be biologically or physically removed [66].
Biological removal is a main method of COD removal in constructed wetlands [57]. Treatment
systems are commonly inoculated before operation to decrease the start-up time of the microbial
populations [67,68], as was done in this study. Even with inoculation, a start-up period of approximately
13 days was required for each treatment system to reach >90% removal efficiency. The first column
of the systems was operated without prior inoculation to investigate the role of inoculation in the
start-up period.
Figure 4 illustrates the COD removal efficiency over time for columns that were inoculated and
those that were not inoculated before operation. The removal efficiency was higher than in the columns
that were not inoculated in the first 13 days of the start-up period for the inoculated columns. However,
by the thirteenth day, both sets of columns had reached >90% COD removal efficiencies. The similar
start-up periods indicate that there is an active microbial community present in the winery wastewater
that is capable of colonizing the media, as corroborated by Malandra et al. (2003) [13]. Inoculation
with wastewater biomass only slightly increases the treatment efficiency during the start-up period.
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Phases 2 and 3, respectively. Across all the systems and phases, 97.5% of final effluent values were
below 5 mg/L, and treatment under cool conditions was not significantly different.
Ammonia was removed entirely and immediately by the first column of every system to a
concentration that was below the detection limit of 1 mg/L NH3 -N. This high level of treatment was
exhibited, regardless of the influent concentration, which averaged 14.6 mg/L NH3 -N in Phase 1, 12.7
mg/L NH3 -N in Phase 2, and 11.5 mg/L NH3 -N in Phase 3, and spiked as high as 29 mg/L NH3 -N.
This complete removal with no observed lag period was also observed in the columns that had not
been inoculated in the Start-Up test. In the Control, Treatment 1, and Treatment 2b systems, the
second column exhibited detectable levels of ammonia in Phases 2 and 3. This release of ammonia
was hypothesized to be a result of organic nitrogen ammonification due to heterotrophic degradation
within the column. These levels were not concerning, as they were always below 4 mg/L and were
always removed to concentrations below the detectable limit in the third column.
As all effluent ammonia concentrations were below detectable limits, there was no statistical
difference during reduced temperatures or between the treatment systems with and without
clinoptilolite. These results are in contrast with prior work, showing that the addition of natural zeolite
materials to an ammonia-rich solution (1000 mg NH4 + -N/L) reduced free ammonia inhibition and
increased nitrification rates [71]. The addition of adsorptive media might provide an advantage in
systems operated at higher nitrogen loading rates. The high concentrations of potassium in winery
wastewater may also have impacted ammonia removal, as clinoptilolite is known to have a higher
affinity for potassium than ammonium when the two ions are present in equimolar concentrations.
However, when ammonium concentrations are higher than potassium, this effect is reduced, as was
observed in a 2017 study that demonstrated 80–90% ammonia removal efficiency by clinoptilolite
when treating swine wastewater with a NH4 + concentration of 54 M and a K+ concentration of 3.0
M [72]. Consequently, more research is needed to better understand the impact of potassium and other
competing ions in winery wastewater.
It is generally accepted that ammonia removal in constructed wetlands is a result of biological
degradation, plant uptake, volatilization, and adsorption to bed media [57]. In this study, plants were
not included, and volatilization can be largely neglected due to the acidic pH of the wastewater [73].
Although gravel can serve as an adsorption media for ammonia [74], this removal mechanism can be
discounted in this study due to detectable levels of ammonia in the effluents of the second column of
the Control, Treatment 1, and Treatment 2b in Phase 2. It is unlikely that these detectable concentrations
were a result of ammonia breakthrough, as there was never any detectable concentrations of ammonia
going into the second columns. If able to be adsorbed, any ammonia mineralized in the column would
have been adsorbed onto the gravel and would not have been present in the effluent, as observed.
Influent concentrations of nitrate fluctuated widely throughout the study, which resulted in
varying effluent concentrations. Effluent concentrations never exceeded 2.75 mg/L N, despite the
variability. There was not a significant difference in nitrate removal between systems with and without
tire chips for nitrate adsorption. The treatment performance was significantly better during Phase 3
than Phase 1 in the Control system. In the rest of the systems, there was not a significant difference
in performance between phases. The second column in each system exhibited the highest removal
across all systems and phases, reducing nitrate by an average of 92%, 93%, and 87% in Phases 1, 2, and
3, respectively. This phenomenon was expected due to the saturated conditions in the columns that
promoted denitrification. Unexpectedly, nitrate was also immediately removed in the first column
of each system, which indicated that both aerobic and anoxic zones were present in the columns or
biofilms. This immediate removal was also observed in the Start-Up test, where the columns were
not inoculated.
After the Start-up period, a majority of the samples (76%) during Phase 1 were collected at the
morning loading period after the system had rested for 15 h. The remaining samples were collected
during the evening loading period to verify consistency. The observed concentrations were not
substantially different between the morning and evening samples (data not shown). These results
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4. Conclusions
The bench-scale SVFCW shows the potential to sufficiently treat winery wastewater under
variations in loading rates, frequency, and temperature without the aid of nitrogen adsorption media
or a pH buffer. Although this contradicts the original hypothesis that a SVFCW would not provide
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4. Conclusions
The bench-scale SVFCW shows the potential to sufficiently treat winery wastewater under
variations in loading rates, frequency, and temperature without the aid of nitrogen adsorption media
or a pH buffer. Although this contradicts the original hypothesis that a SVFCW would not provide
sufficient treatment without amendments, this represents a more cost-effective solution for small-scale
industrial wineries. The bench-scale systems in this study demonstrated removal efficiencies for COD
of >99% under constant loading frequencies and room temperature and with decreased temperatures.
Removal efficiencies of 95% and 94% for total nitrogen were observed for constant loading frequencies
with room temperature and decreased temperatures, respectively. The effluent concentrations were
considerably better than the quality of septic system effluent, allowing for versatility in the final
discharge of the treated wastewater.
This treatment system is advantageous to other conventional treatment methods due to its
minimal surface area requirements, low energy demands, and high treatment performance. SVFCWs
require approximately 80% less treatment area than land application, using the permitted Michigan
surface loading rate of 50 pounds of BOD5 /acre/day [80] for land application as an example. In
addition to the potential economic benefit from the sale of wetland plants [81], the use of aesthetically
pleasing vegetation might be beneficial to wineries where tourism is important. Additionally, SVFCWs
are substantially more energy-efficient than activated sludge [7]. Further, the characteristics of
the discharged wastewater from SVFCWs are comparable to or better than wastewater treated by
conventional methods, such as activated sludge [82]. These benefits make this technology a viable
option for implementation at small-scale industrial wineries. The increased effectiveness of the addition
of nitrogen adsorption media was unclear and should be further examined with a waste stream that has
a more favorable C:N:P ratio. This study demonstrated that nitrogen adsorption media is not required
for effective treatment of winery wastewater while using an SVFCW, but that it might enhance SVFCW
treatment of wastewaters with higher nitrogen concentrations. The inclusion of the phosphorus
adsorption media, PO4Sponge, was found to be an effective means of removing total phosphorus from
winery wastewater to concentrations below 0.102 mg/L. Further study is needed for determining the
capacity of the PO4Sponge for winery wastewater to better understand the frequency of replacing the
media. However, research on other waste streams has demonstrated a media adsorption capacity of 50
mg P per gram of media with an initial phosphorus level of 7 mg/L [83]. Additionally, other engineered
adsorption media are commercially available, and waste material formulated into adsorption media,
such as steel furnace slag, should be evaluated to determine which is best suited for application at a
winery [84].
A field demonstration is needed to monitor performance in a diverse environment, determine any
additional design and operational considerations, and verify whether clogging will become an issue
over time. A previous field study of a similarly designed SVFCW treating milking facility wastewater
observed no clogging over five years of monitoring [45]. These observations are consistent with this
study, which also did not detect clogging. However, a six-month study is not indicative of the expected
performance of a twenty-year treatment system [57], and further research is needed. Additionally, this
application was focused in a region where combining domestic wastewater with industrial wastewater
is strongly discouraged. However, domestic wastewater could provide a year-round source of substrate
to microbial communities in regions where co-treatment is allowed, justifying further investigation.
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