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ABSTRACT: Rapid expansion of wineries in rural Califomia during the and Larson (1999) asserted that constructed wetlands could be an
pas( three decades has cre~ted contamination ,pro~lems re~ate~ to w,inery attractive system for moderately sized wineries, Their application
wastewater treatment and ?ISposal; however, little informatlo~ IS av~a~le to these more highly concentrated wastewaters has also been excec
about performance of on-site treatment systems, Here, the project objective 1 d ( R t d B ' t 1999 ' Sh h d 1998 ' thd '

full b exp ore e.g., onques an n z, , ep er , e 0was to etennme -scale, su surface-flow constructed wetland retention Sh h d al 2001) ,
times and treatment performance through assessment of water quality by ep er et., a " .,. , of pi
daily sampling of total dissolved solids, pH, total suspended solids, Curren! Re,search.. Rapid expansion of the wIne Industry m VAS
chemical oxygen demand (COD), tannins, nitrate, ammonium, total rural California dunng the past three decades has created remc
Kjeldahl nitrogen, phosphate, sulfate, and sulfide across operating systems environmental contamination problems related to winery waste- and
for winery wastewater treatment, Measurements were conducted during water treatment and disposal. However, until recently (e.g., resp<
both the fall crush season of heavy loading and the spring following Shepherd et al., 2001a) little research has been conducted a wi
bottling and racking operations at the winery. Simple decay model characterizing winery wastewater and use of on-site treatment. with
coefficients for these constituents as well as COD and tannin removal Recent reviews (e,g" Carr, 2001; Grismer and Shepherd, 1998; seve
efficie~cies from winery wastewater in bench-scal~ reactors are also Grismer et al., 1999, 2000; Grismer and co-workers, 2001a) of phy!
detennmed, The bench-scale study used upward-flow, moculated attached- . ( d 1 t d b d d ' t '

ll ) te t tr tm t 1, .wInery an re a e rewery an is I ery was wa er ea en aye
growth (pea-gravel substrate) reactors fed synthetic wmery wastewater. .,
Inlet and outlet tracer studies for determination of actual retention times me~ods have underscored the need for additional research in the dev(
were essential to analyses of treatment performance from an operational Umted States, particularly of full-scale systems and individual seen
subsurface-flow constructed wetland that had been overloaded due to processes, In addition to the pilot-scale constructed wetlands 1eve
failure to install a pretreatment system for suspended solids removal. Less described by Shepherd et al. (2001a), a variety of traditional di1uI
intensive sampling conducted at a smaller operational winery wastewater treatment methods have been applied to winery wastewater raisi
constructed wetland that had used pretreatment suspended solids removal treatment with varying success at the bench- or pilot-scale level. treal
and aeration indicated that the constructed wetlands were capable of In many cases, performance of these systems in the field is F
com~lete organic load removal from the winery wastewater. Water uncertain or unknown because of limited testing of extremely a pi
Environ. Res.. 75,412 (2003). variable wastewater flows and quality. 2.4

KEYWORDS: constructed wetlands, winery wastewater, tracer studies, Recent research considering winery wastewater treatment ran!
subsurface flow, degradation modeling. includes evaluation of aerobic and upflow anaerobic' sludge bed mg

(UASB) reactors and constructed wetlands. A few of these and
investigations are briefly reviewed here to illustrate some of the an \

Introduction complexities associated with winery wastewater treatment. Using neu
Winery- and brewery-process wastewater differ greatly from air-bubble column bioreactors with self-adapted microbial pop- rem

domestic wastewater because of high organic concentrations, ulations (either free or immobilized on polyurethane particles or add
variable flowrates, limited nutrients, and lack of pathogens (Cronin immobilized on Raschig rings in a packed bed), Petroccioli et al. aci<
and Lo, 1998). If not disposed to municipal systems, winery (2000) measured chemical oxygen demand (COD) removal rates soli
wastewater is typically stored and treated in aerated ponds and may from winery wastewater. At loads ranging from 8 X 103 to 11 X cha
be disposed via postharvest vineyard irrigation. However, with 103 mg COD/l.. and a maximum loading rate of approximately Sh(
increased production and costs, there has been a move for wineries 8800 mg COD/(L.d), the greatest COD removal rate achieved was coe
to treat their wastewater on-site. Wastewater generated from wine greater than 90% (6600 mg COD/[L.d]) using free activated sludge lac]
or beer production is similar as it results from various processes, in the bubble column bioreactor at a hydraulic retention time cor
including fermentation followed by washing of tanks, barrels, (HRT) of approximately 0.8 days. Kalyuzhnyi et al. (2000, 2001a, wit
bottles, and so on. However, breweries and wineries have different 2001b) evaluated the start-up and operational performance of two ]
wastewater treatment concerns and seasonal variations such that laboratory (2.6-L working volume) UASB reactors treating winery is
the focus here is on winery wastewater treatment only. For wastewater at strengths of 1 X 103 to 17 X 103 mg COD/l.. and wa
example, winery wastewater flows and strength exhibit seasonal a range of temperature and loading conditions. Following a 2- to 3- CO!
fluctuations due to fall harvesting and crush operations. Noting the month start-up period, maximum loading rates were 15 900, 6.5 X be(
ability of constructed wetlands to assimilate variable and large 103, 12.5 X 103, and 7.2 X 103 mg COD/(L,d) for nms at 35, 19 to the
organic loadings as well as their low maintenance and operational 21, 18 to 20, and 4 to 10 °C, respectively, with HRTs of pr<
costs (Etnier and Guterstam, 1997), Shepherd and Grismer (1997) approximately 1 day, Chemical oxygen demand removal rates fin
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Table 1-Constituent methods of analysis. their rapid measurement (Jewell and Ebeler, 2001). Tannins, which ~
are most abundant in red wine, can precipitate proteins and act to

Accepted Hach inhibit microbial digestion (Sarni-Manchado et al., 1999),
Constituent Type of analysis methodS potentially limiting removal efficiencies. Of the three types of

Ammonium colormetric (Nessler) 8038 tann~s (hydroly~able, condensed, and. catechins), hydrol.yzable
COD digestion (colormetric) 8000 tannms are the simplest to degrade, while condensed tannins are
Nitrate colormetric '. 8507 rarely degraded (Bhat et al" 1998). Catechins exhibit both

Phosphate colormetric 8156 hydrolyzable and condensed properties. Tannins, however, are
Sulfate turbidimetric 8051 sensitive to light degradation, although they require months of
Sulfide colormetric (methylene blue) 8131 exposure, but may adversely affect stream habitat when in high
Tannins colormetric (Folin-Ciocalteau) -concentrations (Biosystems, 1993), An investigation of the
TKN colo~metr!c (Nessler) 8038 perfonnance of constructed wetlands for treating winery waste-
TSS gravimetric 8164 water should include evaluation of the efficacy of recalcitrant

! I I

"APHAetal,(1998),' ~;' compoun~degradation. ,
EvaluatIon of constructed wetland perfonnance m the fieldI 

requires not only analysis of constituent degradation or trans-I 
fonnation, but also a hydraulic assessment of the flow properties of

exceeded 85% for the warmer systems and approximately 60% for the constructed wetland bed under the variable operating
the coldest, with substantial decoloration of effluents and reduction conditions found during actual use so as to improve modeling
of polyphenols (between 45 and 67%) in all cases. When two and design efforts in the field. The overall project objective was to
UASB reactors were operated in series, the average total COD determine full-scale HRTs and treatment perfonnance through
removal exceeded 70% for average loading rates of 2200, 1800, assessment of water quality by daily sampling of total dissolved
and 1300 mg COD/(L.d) and HRTs of 2 days at 10,7, and 4 DC, solids (TDS), pH, TSS, COD, tannins, nitrate, ammonium, total
respectively. In an evaluation of a full-scale UASB system at Kjeldahl nitrogen (TKN), phosphate, sulfate, and sulfide from two
a winery in South Africa, Laubscher et al. (2001) found problems full-scale systems. A secondary goal was to quantify COD and
with accumulation of a floating scum layer that on occasion was so tannin removal rates from winery wastewater in bench-scale
severe that it forced a shutdown of the treatment system to enable reactors. Specifically, the research objectives were to
physical removal of the scum. Attempting to replicate the scum- , " ,
I " t ' ' th 1 b t th " d th th 1 .Determme and model (I.e., estImate decay constarIt$) tannm
ayer lonna Ion mea ora ory, ey .oun at e scum ayer .
d I ed nl ' th ' d.. 11 . d '. removal rates of full-scale constructed wetlands and slmpl~
eve op 0 y WI gram IStI atIon wastewater an Its seventy

be h al 1, nc -sc e pea-grave reactors.
seemed to depend on the wastewater total suspended solIds (TSS) D . d d I full al' fli ' ,

ti" " ". .etermme an mo e -sc e treatment e clencles or
levels. Reducmg TSS concentratIons by drum filtratIon, settlmg, or TSS COD I" lfid TKN ."d ' l ' d d b d "d 1". 1 ." su late, su e, , nItrate, ammonIum, and
I utIon re uce ut I not e Immate scum- ayer accumulatIon,

h h d' , . f th 1 ' b"l. f VAS B fo P osp ate; an
raIsmg questIons 0 e ong-tenn via Iity 0 systems r Q .fy th di"'" f ..
Ire tm' d " t ' ll tI. t t .uantI e llerence m treatment 0 wmery wastewater m

a g IS I a on was ewa ers. ,
P. all Sh h d t al (2001 ) al d th -" f constructed wetlands dunng crush and noncrush seasons.

m y, ep er e .a ev uate e pellonnance 0
a pilot-scale subsurface-flow constructed wetlands (6.1 m long X
2,4 m ,,;ide X 1.2 m deep) in treating winery wastewater flows Field Setting and Experimental Methods
ranging from 80 to 170 m3/d at organic loads of 600 to 45 X 103 Operational, full-scale subsurface-flow constructed wetlands
mg COD/L, and measured average removal rates of 98% for COD servicing a moderate-production winery near Hopland, California,
and 97% for TSS when combining the constructed wetlands with and a smaller production winery near Glen Ellen, California, were
an upflow sand prefilter. The system also seemed to be effective at evaluated during the fall harvest-<:rush and spring seasons. In each

neutralizing the pH of the acidic winery wastewater and at case, potassium bromide tracer studies were conducted to
removing the limited nitrogen (78.2%) in the wastewater in detennine HRTs during or prior to water quality sampling periods.
addition to sulfide (98.5%), orthophosphate (63.3%), volatile fatty Water quality sampling was much more intensive at the Hopland
acids (99.9%), tannins and lignins (77.9%), and all settleable facility and included determination of COD and tannin removal
solids. Grismer and co-workers (2001b) detennined the hydraulic rates in the effluent and at several locations along the constructed
characteristics of the pilot-scale constructed wetlands used by wetlands. The full-scale designs were scaled-up versions of the
Shepherd et al. (2001b) to detennine a rate-dependent COD decay pilot-scale system described by Shepherd et al. (2001a), although
coefficient using a retardation-type model. What continues to be TSS pretreatment systems differed. Both wastewater treatment
lacking is a complete evaluation of the perfonnance of full-scale systems included solids (e.g., stems, seeds, and skins) removal
constructed wetlands or many other types of treatment systems for systems followed by facultative settling ponds prior to discharge to
winery wastewater. the constructed wetlands; however, the Glen Ellen facility also

In addition to evaluation of full-scale systems, more infonnation used a rotary screen TSS removal system before discharge to the
is needed about treatment of particular components of winery facultative pond. At the Hopland facility, clarifiers were also added
wastewater. For example, winery wastewater includes recalcitrant between the pond and constructed wetlands after this study was
constituents (polyphenols and lignins) that are difficult to degrade completed. The facultative pond at Glen Ellen served as a clarifier,
because of their structure as well as high molecular weights. Of while, at Hopland, the facultative pond was undersized, resulting in
these, tannins are the most common and crucial to the wine-making excess discharge of suspended solids and organics and subsequent
process because of their effects on taste, puckering, bouquet, and overloading of the constructed wetlands during the study period.
finish of the wine; biological methods have been developed for Both treatment systems had recirculation capabilities between the
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Figure 1-Schematic illustration of bench-scale reactors used for tannin removal studies. PC ro l mpt d l

0 ora

1998) (
constructed wetlands and facultative pond, although recirculation constructed wetlands and 10 dual-depth ports [approximately 0.4 difficult

was only used at the Glen Ellen facility during the study period. and 0.95 m] in two transects at the Glen Ellen constructed Folin-C

The field constructed wetlands included inlet and outlet wetlands) were installed to track potassium bromide tracer phenoli

manifolds that uniformly distributed flows across the full width concentrations and water quality changes across the constructed is typic:

at the wetland surface at the inlet as well as collected subsurface wetlands. was fOl

flows across the full width at the wetland bed base at the outlet. Impulse-type potassium bromide tracer studies were conducted for TSS

Both full-scale constructed wetlands used 1.1- to 1.2-m-thick at the Hopland system in September 1999, April 2000, and analysi!

"washed" pea (-4 mm) gravel (Glen Ellen) or rock (Hopland) October 2000 and at the Glen Ellen constructed wetlands in April pH, C(

substrates with established cattails and bulrush vegetation, and 2000 to evaluate HRTs for the constructed wetlands. Because of average

were designed to maintain water depths of 1.0 m. The crushed rock winery expansion, the wastewater flowrate had increased by Hoplan

(10 to 30 mm) used at the Hopland constructed wetlands was not approximately 150% over design rates at the Hopland constructed In ad

washed and was found to contain some soil and fines resulting in wetlands, while the wastewater flowrate was less than the design COD)

low, plugged-flow zones of the constructed wetlands. In addition, rate at the Glen Ellen constructed wetlands. In the first two studies 2001 l

the Hopland constructed wetlands was not lined, but regular mass- at the Hopland constructed wetlands, inflow and outflow rates polyvir

balance measurements suggested that there was minimal, if any, were measured and samples were collected from all ports and the workin:

seepage. The Glen Ellen constructed wetlands was lined with 1.5- outlet at approximately 8- to 12-hour intervals for immediate were sl

mm (60-mil) polyethylene and also exhibited no seepage. The potassium bromide analysis. In October 2000, observed fee-water densiti(

larger Hopland system (50 m wide X 88 m long) was designed for conditions and apparent short-circuiting at the Hopland con- 44% fo

an HRT of approximately 10 days, while the Glen Ellen system (8 structed wetlands resulted in a second test being conducted in and 5.7

m wide X 38 m long) was designed for an HRT of approximately 5 which only outlet potassium bromide concentrations were reacton

days. Grids of sampling ports (16 ports at a depth of approximately measured at 10- to 15-minute intervals following potassium located

0.45 m in three evenly spaced parallel transects at the Hopland bromide injection. Tracer studies at the Glen Ellen constructed influen

414 Water Environment Research, Volume 75, Number 5 Septerr

I

~



Grismer et al. I

Table 2-Average flowrates and HRTs for bench-scale experiments. --
..~

Reactor A Reactor B Average

Experiment no. Flowrate (Ud) HRT (d) Flowrate (Ud) HRT (d) Flowrate (Ud) HRT (d)

1 3.86 1.6 3.80 1.5 3.83 1.6
2 4.40 1.4 4.10 1.4 4.25 1.4
3 2.15 2.8 1.72 i:; 3.3 ", 1.94 3.1

wetlands also used this more rapid sampling approach and The reactors were filled with wastewater inoculum from the
included port sampling at two depths in repeated potassium pilot-scale constructed wetlands (Shepherd et aI., 2001a) that
bromide injections. The HRTs associated with the potassium consisted of fennented grape juice and dextrose (1000 mg/L each)
bromide center of mass for each tracer study were calculated using for 3 days then flushed with tap water and refilled with wastewater
the method-of-moments (Grismer and co-workers, 2001b) and inoculum for another 3 days, after which synthetic wastewater was
compared with time to tracer peak (tp) concentration and plug-flow introduced at a steady rate. Synthetic wastewater containing 20
retention times (T d) to estimate the degree of short-circuiting, if mL/L of white grape juice (tannin free) and 50 mg/L of reagent-
any, in each constructed wetlands. Potassium bromide recovery grade tannic acid for organic loads of approximately 1000 mg
during the tracer tests ranged from approximately 90 to 105% of COD/L was used to simulate wastewater in the full-scale
the input mass. constructed wetlands. The first two experiments used a steady

Water quality samples were collected in the spring between flowrate of approximately 4 Lid (or HRTs of approximately 1.5
April 18 and May 8, 2000, at both constructed wetlands and then in days) and samples were drawn twice daily (for 7 and 8 days,
the fall from September 18 to October 13, 2000, at the Hopland respectively) from all ports and analyzed for tannin and COD
constructed wetlands to evaluate system perfonnance during both concentrations. The third experiment was conducted in the same
off-season and harvest-crush periods, respectively. The wastewater manner, but used a smaller flowrate (approximately 2 Lid) to better
flowrate was maintained constant in both systems (e.g., approx- simulate field conditions for constructed wetlands having retention
imately 137 m3/d at the Hopland constructed wetlands) and inflow times of approximately 5 days; this experiment continued for 13
and outflow rates remained practically the same during the day, days. Sample volumes of approximately 5 mL did not appreciably
suggesting minimal evapotranspiration losses. Samples (200 mL) alter reactor volumes. Table 2 summarizes the flow conditions for
were analyzed daily for illS, pH, TSS, COD, tannins, nitrate, the bench-scale experiments. Average reactor temperatures were
phosphate, sulfate, sulfide, and settleable solids. Split samples (20 19 DC.
mL) were also acidified (2% sulfuric acid) and chilled for later
TKN and ammonium analyses by the University of California, Tracer Study Results
Davis, Division of Agriculture and Natural Resources Analytical Werner and Kadlec (2000) and Grismer and co-workers (200lb)
Laboratory. underscore the need to detennine the three-dimensional hydraulic

In the field and laboratory, chemical constituents were measured perfonnance of constructed wetlands prior to evaluation of their
promptly using spectrophotometric methods (Hach Co., Loveland, treatment potential so as to better detennine appropriate removal
Colorado) that are equivalent to accepted methods (APHA et aI., models (e.g., Kadlec, 2000) as well as provide insight to remedial
1998) (Table 1). Quantification of tannin concentrations is often measures necessary to improve system perfonnance. The tracer
difficult because no widely accepted test is available. While the study results are briefly considered in this context, particularly
Folin-Ciocaiteau method is generally used to detennine total because the treatment perfonnance of the Hopland constructed
phenolics (Ritta, 1985), tannic acid, a type of hydrolyzable tannin, wetlands had been compromised by excessive solids loading. Table I

is typical in winery wastewater and this spectrophotometric method 3 summarizes the results of the September 1999 and April 2000
was found to better measure tannic acid concentrations. Samples tracer studies at the Hopland constructed wetlands.
for TSS, tannin, phosphate, sulfate, and sulfide were diluted 1:4 for Analysis of the outflow residence-time-distribution (Rill)
analysis purposes, while undiluted samples were analyzed for illS, curves from the first two tracer studies at the Hopland constructed
pH, COD, and nitrate. Approximately 10 to 15 samples were wetlands yielded an HRT of only 133 hours (5.5 days), which was
averaged for each port and constituent that was measured at the approximately one-half of that of the design HRT and less than the
Hopland constructed wetlands. plug-flow retention time of 172 hours (7.2 days), suggesting some

In addition to the field evaluations, three bench-scale tannin (and system short-circuiting as water passed through the constructed
COD) removal experiments were conducted from April to June wetlands more rapidly than predicted by the system flowrate,
200 1 using duplicate pea-gravel-filled cylindrical schedule 40 constructed wetlands dimensions, and porosity of the wetland bed.
polyvinyl chloride reactors (150 mm diameter X 0.76 m tall) with Analysis of the Rill curves from ports within the constructed
working volumes of approximately 13.9 L (Figure 1). The reactors wetlands helped to ,identify where short-circuiting was located in
were shaken during filling with pea gravel to obtain packing-bulk the constructed wetlands for possible focused remediation as
densities similar to that found in the field, resulting in porosities of summarized in Table 3. Initially, flow was faster on the north side I
44% for reactor A and 41 % for reactor B, or pore volumes of 6.1 of the wetlands, indicating some fOnD of short-circuiting specific to .

and 5.7 L, respectively. Upflow conditions were maintained in the that side as verified by visual inspection of overland or preferential
reactors using a multistage peristaltic pump. Sampling ports were flows on this side. At the first set of ports, the center-line retention
located at 150-mm intervals along each reactor as well as at the times matched plug-flow values, while those on the south side were
influent and effluent ends. actually slower than predicted, suggesting that some small flow
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Table 3-Peak (tp), observed (td), and plug-flow (Td) HRTs of potassium bromide tracer at the Hopland constructed
wetlands in October 1999 and 2000.

Distance from inlet Transect tp (h) ~ (h) Td (h) Indications

Outlet 85 133 172 Short-circuiting as tp and td < T d.
24.6 m North 25 14 50 Greater flow on north side compared with center and

Center 25 50 50 south sides
South 25 51 50

38.5 m North 25 44 78 Flow exceeds plug-flow estimate on all three transects.
Center 48 67 78 Flow continues to be greater on the north side.
South 48 56 78

53.8 m North 108 114 109 Flow exceeds plug-flow estimate on center and south
Center 61 96 109 transects. Flow is less on north, indicating local area
South 61 65 109 of restricted flow (fine particles).

69.2 m North 48 109 140 At this iocation, flows havejncreased on the south
Center 96 117 140 side, suggesting possible overland flow.
South 60 100 140

restriction was present on the south side. By the second set of ports anticipated that the system would show some short-circuiting and
into the constructed wetlands, flow was faster than predicted by that the constructed wetlands bottom was slightly sloped to the
plug flow at all ports, especially on either side. Again, this could north. While observed HRTs calculated for the north-side ports
have been due to preferential flow through standing water on the were more or less similar to the plug-flow HRTs, they were all
sides of the constructed wetlands. However, by the third set of somewhat less (with the exception of the first port). However, the
ports, flow was substantially slower on the north side. The third fact that the observed HRT at the outlet was practically the same
north-side port was intentionally placed in a sandy area as it was as the plug-flow HRT indicates little short-circuiting in this
uncertain how influential the sandy areas were on flow. Water system as a whole. It is possible that at this mid-depth in the
within the constructed wetlands seemed to flow around these areas, constructed wetlands there was some uneven gravel packing.
effectively reducing the size of the bed. By the final set of ports, all Results from the second tracer test (at the 0.95-m depth) were
flow was faster than plug-flow predictions, especially on the south similar to the first, except that practically equal tracer concen-
side. Overall, the tracer study indicated that the HRT of the trations were found in both sides of the constructed wetlands,
constructed wetlands in the fall of 1999 and April 2000 was confirming that possible uneven packing near the surface, rather
approximately 1.7 days less than the plug-flow HRT and that areas than bottom slope, was the cause of the observations in the first
of limited flow existed in the constructed wetlands. tracer test. Again, the observed outlet HRT was similar to the

The October 2000 tracer study was initially conducted in the plug-flow HRT, indicating little, if any, short-circuiting across the
same manner as the previous two. However, little potassium Glen Ellen constructed wetlands.
bromide was detected in the first few 8- to 12-hour sampling
periods. With the obvious surface flow conditions, a second rapid Water Quality Results and Discussion
sampling impulse study was conducted. Sampling was conducted Monitoring of the range of water quality parameters across the
only at the outlet for the first 5 hours of the test, after which Hopland constructed wetlands during the noncrush and crush
sampling occurred every hour and then less frequently as the tracer periods demonstrated the variability in wastewater characteristics
was observed to leave the system. Sampling continued at 12-hour encountered as well as the problems associated with substantially
intervals until a storm ended the study period after 4 days. The increased short-circuiting between monitoring periods. Tables 5
measured peak potassium bromide concentration of the outlet Rill and 6 summarize average variation and removal rates of the
curve from the second test occurred at 45 minutes following parameter concentrations across the inlet and outlet during the
introduction of the tracer, and more than 75% of the tracer mass noncrush and crush periods, respectively. Relatively constant
had come through the constructed wetlands within the first hour of phosphate concentrations (approximately 1 mg/L) were not
sampling. Despite long "tailing" of the Rill, the method-of- included in the tables because of their lack of variability and
moments suggested an HRT of approximately 1 hour. With an slight increase in concentration across the constructed wetlands.
HRT of only 1 hour, bulk COD removal seen in the constructed Calculated organic (COD) loading rates during the noncrush and
wetlands (as will be discussed in a following section) was likely crush periods (accounting for a small evapotranspiration concen-
limited to physical processes (i.e., solids settling). tration within the constructed wetlands [Carr, 2001]) were

Two tracer studies in April 2000 at the Glen Ellen constructed approximately 210 and approximately 720 kg/(ha.d), respectively.
wetlands were conducted at a flowrate greater than the wastewater These loading rates exceeded design rates, but were comparable to
design rate, allowing for a more rapid testing period. Table 4 those applied to the pilot-scale constructed wetlands system by
summarizes the HRT results across the constructed wetlands at Shepherd et al. (2001a).
the two different sampling depths. In the first test at the shallow Winery wastewater strength (COD concentration) and variability
sampling depth, little tracer was detected in the ports along the during the crush season are considerably greater than during the
south side, resulting in RTD curves that were virtually flat such noncrush season. Overall COD removal rates (as well as those for
that HRTs were not calculated for these ports. Because of the lack most constituents listed in Tables 5 and 6) were far greater during
of detection in the south side of the constructed wetlands, it was the noncrush sampling period compared with the crush period
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Table 4-0bserved (~) and plug-flow (Td) HATs of potassium bromide tracer at the Glen Ellen constructed wetlands. .

-0.30- to 0.45-m depth 0.95-m depth

-Distance from inlet Transect Td (h) ~ (h) Td (h) ~ (h)

6.0 m North 1.47 1.65 1.46 NOa
South 1.46 NO

12.1 m North 2.94 2.93 2.93 3.14
South 2.93 3.15

18.3 m North 4.4 4.24 4.39 4.28
South 4.39 4.03

27.4 m North 6.61 6.49 6.59 6.31
South 6.59 5.84

35 m North 8.45 7.57 8.42 8.41
South 8.42 8.25

Outlet 8.89 8.65 8.85 8.66

a NO = not determined.

d because of the inlet COD loading being approximately one-quarter 175 mg/L, respectively. Average inlet and outlet COD and TSS
~ of that during the crush period and the HRT being at least an order concentrations to the constructed wetlands were only 290 mg

e of magnitude greater. Figure 2 displays the COD concentration and COD/L and 145 mg/L and approximately 7 mg COD/L and~~~ 

standard deviation across the centerline length of the Hopland 2 mg/L, respectively, yielding COD and TSS removal rates of
'th constructed wetlands during the noncrush and fall crush sampling approximately 98%. More importantly, perhaps, the outlet CODe periods and further illustrates the problems with short-circuiting and TSS concentrations of less than 10 mg/L suggest that:e 

during the crush sampling period. practically complete removal of organic loads from the winery
~s Despite severe short-circuiting and solids overloading, the wastewater is possible.
.e Hopland constructed wetlands achieved significant wastewater Removals of TSS, COD, sulfate, sulfide, tannins, and nitratemg. 

treatment. From a load perspective, it removed approximately 1200 were modeled using either first-order or retarded first-order decay

~ere kg COD/(ha.d), even with an HRT of just 1 hour. The constructed (i.e., Shepherd et al., 2001b) equations. Reaction rates were
.~n- wetlands had been designed to remove a maximum of appro~i- considered retarded when they changed along the length of the~ 

s, mately 2700 kg COD/(ha.d) and 1200 kg/(ha.d) under regular constructed wetlands. The retarded first-order decay equationIi 

e~ operation. Clearly, more complete treatment would have occurred developed from the simple first-order expression is given here.
:e had the subsurface-flow conditions been restored and channeling C = C ex [-k/R In(l +Rt )] (1)
th across the constructed wetlands been reduced, as was later toP d

e achieved through burning off of the vegetation and "ripping" of Where

the rock substrate following this study. " .
C = constituent concentration at time t (mg/L),Lack of short-CirCUIting and much smaller loading rates at the C t. .. al t. t trati' ( /L." = mIti cons Ituen concen on mg ),th Glen Ellen constructed wetlands resulted m consIderably dIfferent 0 d . (HRT) ' (d)e rti h .. d . f th d td = etention tIme,

h pe ormance c aractenstics compare WIth those 0 e Hoplan k . (I 'd) dus = reaction rate constant, , an
.constructed wetlands. From lImIted grab samplmg durmg crush R d . ffi ' (I 'd)itiCS. .= retar ation coe Clent , .all 

and noncrush penods, the average COD and TSS concentrations to
:s ~ the aeration pond and from the pond to the constructed wetlands Note that when R = 0, eq 1 reduces to the simple first-order decay
the were 8000 mg COD/L and 630 mgiL and 300 mg COD/L and model.

the

tan~ Table 5-Summary of inlet and outlet water quality statistics and removal rates across the Hopland constructed:d 
wetlands during noncrush period..:

lds pc'
.Inlet Outlet

and

:en- Constituent (mg/L) n Mean Standard deviation n Mean Standard deviation Removal rate (%)
rereely. 

TSS 15 1042 251 19 110 103 85
to COO 15 1721 439 19 362 676 79

eb Tannin 13 55.0 16.4 18 12.1 3.8 78
Y Nitrate 16 1.8 0.7 18 0.5 0.5 73

Ammonium 2 118 NAa 4 45 11 62
ility TKN 2 159 NA 4 54 15 66
the Sulfate 4 35 19 9 2.0 2.5 95
for Sulfide 14 0.56 0.20 16 0.12 0.10 78ringriod 

a NA = not available.
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Table 6-Summary of inlet/outlet water quality statistics and removal efficiencies across the Hopland constructed
wetland during crush period.

Inlet Outlet ,. I

Constituent (mg/L) n Mean Standard deviation n Mean Standard deviation Removal efficiency (%)

TSS 11 1428 644 13 808 229 30
COD 11' 7406 2090 13 3748 1826 49
Tannin 10 55.2 21,6 12 30.0 20,6 46
Nitrate 7 13.1 7.4 8 10.9 4.3 17
Ammonium 5 37 28 5 26 5 29
TKN 5 43 31 5 32 6 25
Sulfate 8 83 33.5 8 62 39 25
Sulfide 11 0.88 0.5 13 0.7 0.2 20

,

For example, the retarded first-order decay model was applied to Tannin concentrations and removal rates in the Hopland
TSS removal because of the differential removal of particles constructed wetlands were quite similar to those in the bench-
resulting from flocculation, straining, and settling along the scale reactors during both noncrush and crush periods at the winery
constructed wetlands. As larger particles preferentially settle first, (Tables 5 and 6). Average inlet tannin concentrations were
the TSS removal rate depends on the detention time, or distance approximately 55 mg/L during both periods, while average outlet
through the constructed wetlands. Sulfide and nitrate removal also concentrations ranged from 12 to 30 mg/L for removal efficiencies
seemed to be better modeled by the first-order retarded degradation
equation. Table 7 summarizes model coefficients determined from
the best least-squares fitting of both equations to the measured
concentrations as they varied with distance along the Hopland
constructed wetlands, assuming a td of 5.5 days. Modeling of TKN ~
and ammonia degradation was unsuccessful because of insufficient ~ 2500
data at short detention times and, therefore, is not included. Sulfide .§." '". '
and nitrate concentrations were at trace levels (concentrations g 2000
ranging from 0 to 2 mg/L), resulting in relatively large standard :;
deviations, poor model fitting, and ambiguous decay and E 1500

retardation coefficients. Because the HRT of the Hopland g
constructed wetlands during the crush season was compromised <3 1000

by excessive short-circuiting, no attempts were made to model 0
results from this period. 8 500

Tannin Removal: Results and Discussion 0
.0 20 40 60 80Average wastewater removal efficIency changed unexpectedly

between periods when the three bench-scale reactor experiments Distance Through Wetland (m)

were conducted, although the two reactors behaved nearly
identically in each experiment. Despite doubling the HRT between (8)

the first two experiments and the third, both COD and tannin
removal decreased (Table 8). It seems that either a steady-state 10000
condition was not reached or there was sloughing of organic ~ 9000
material within the reactors between experiments. ~ 8000

Figure 3 illustrates average tannin removal within the reactors ~ 7000
and the first-order decay (plug-flow) model coefficients for each ~ 6000
experiment (Crites and Tchoblanoglous, 1998). Tannin decay E 5000
coefficients and relative model fit (R2 value) decreased with ~ 4000
increasing HRT. However, overall tannin removal rates were 5 3000
approximately the same for the first and third experiments (Table ~ 2000
8), suggesting that these coefficients may have limited meaning 0 1000
such that an intermediate value may be appropriate. In each of the (,)
curves shown in Figure 3, tannic acid concentration initially 0 0 20 40 60 80 100

decreases more rapidly than predicted by the first-order model and
then levels off, suggesting that the reactors were of sufficient length , Distance Through Wetland (m)

to reach an approximate steady-state condition with respect to ~!j~lt\ (b) ",
tannin degradation along the column length. This effect may also
be attributed to differential ripening in the reactor or concentration Figure 2-Concentration and variance of COD with
of organic matter near the reactor inlet, a common "plugging" distance along the Hopland constructed wetland center-
problem with sand and gravel filters. line: (a) spring noncrush period and (b) fall crush period.
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Table 7-First-order decay constants and retardation ~
coefficients for constituent removal in the Hopland (a)

constructed wetlands during the noncrush season.
C -O.34IdConstituent k (d-1) R (d-1) R2a = 50e
R2 = 0.250

COD 0.31 0 0.78
Tannin 0.29 0 0.78
Sulfate 0.54 0 0.89
TSS 0.41 0.2 0.78
Sulfide 0.28 0.2 0.57
Nitrate 0.24 0.5 0.59

a Least-squares analysis. 1 1.5 2 2.5 3.5
Detention Time (days)

of 78 to 48%, respectively, values similar to those found in the ' ."
literature. Decreased tannin removal during the fall crush period 70.0
was not surprising because of the extremely short effective HRT ~ 60.0
and high COD loads. ! 50.0

Figure 4 illustrates the variability of tannin degradation across i -
the Hopland constructed wetlands during the noncrush and crush c ~ 40.0
periods. Replacing distance along the constructed wetlands with 8 .5. 30.0
the average HRT of 5.5 days for all three transects across the .~ 20.0
constructed wetland results in an average first-order decay i 10.0
coefficient of approximately 0.3 d-1 (R2 = 0.77) that is similar t- 0.0

to the value from the bench-scale data. During the crush period 0 T 0.5 1 ,"..5
(Figure 4b), however, the tannin decay coefficient determined ' Detention Time (days) -,

using an HRT of 1 hour is far greater (approximately 17 d-1 and
R2 = 0.49); an HRT of 1 day yields a more reasonable coefficient <i (c):~ '

of approximately 0.7 d-l. Tannin degradation in either system 80.0 -Q,61Id
does not seem to be as recalcitrant as anticipated from the litera- ~ 70.0 C = 53e
ture; rather, removal rates of 50 to 800/0 can be expected in these ! 60.0 R2 = 0.836

systems. ~ -50.0
g ~ 40.0
Co) .5. 30.0

Summary and Conclusions ~ 20.0
Use of constructed wetlands for winery wastewater treatment has i 10.0

the advantages associated with low operating costs and the ability ...0.0
to effectively assimilate the variably high organic loadings 0 0.5 1 1.5
characteristic of winery wastewater production. Lignins, tannins, ii f;' Detention Time (days)

and other polyphenolics common in winery wastewater also pose
particular treatment concerns because of potential downstream Figure 3-Averaged tannin removal from both reactors,

its variability, and modeled decay: (a) experiment 3, (b)
experiment 2, and (c) experiment 1.

Table 8-Chemical oxygen demand and tannin removal
rates for bench-scale reactor experiments. .effects on aquatic life. However, lIttle is known about the

f Average outlet effectiveness of winery wastewater treatment by constructed
, concentration (mg/l) wetlands in the field as the literature lacks evaluations of full-

Average inlet scale winery wastewater treatment systems.
concentration Reactor Reactor Average Bench- and full-scale evaluations were conducted during 2000

Experiment (mg/L) A B removal (%) and 2001 to quantify treatment efficiencies and model constituent
COD degradation in constructed wetlands for winery wastewater

1 1247 347 348 72 treatment. Results were quite variable in the full-scale system,
2 1094 364 387 66 especially during the harvest-crush fall season. Chemical oxygen
3 887 366 366 59 demand removal rates ranged from 59 to 72% for the simple bench-

T .scale reactors, while tannin removal ranged from 54 to 58%. The
anmn Hopland constructed wetlands showed similar COD and tannin
1 52.5 22.3 22.2 58 ..~ 2 47.7 28.4 30.3 38 re~oval rates rangIng from ~9 to 7~% and 46 ~o 78%, respectlv~ly,

.3 50.2 22.6 23.4 54 WIth greater removal occu.rrmg durIng the sprIng noncrush ~nod.
r Although at smaller loadIng rates and greater HRTs than m the
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Nonetheless, despite HRTs on the order of 1 hour during the crush fc

80.0 season compared with approximately 5 days during the noncrush (~

~ 70.0 season, the constructed wetlands reduced inlet COD by one-half Kalyu~
t while reducing other constituents by 20 to 30%. Understanding the S
~ 60.0 HRTs of the constructed wetlands through tracer study analyses S

i 50.0 was crucial to interpretation of the water quality measurements Kal~

~ 40.0 -across the constructed wetlands. S

g V
<3 30.0 E
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