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Degradation of simulated winery wastewater was studied in a pilot-scale compound parabolic
collector (CPC) solar reactor. Total organic carbon (TOC) reduction by heterogeneous photocata-
lysis (TiOo) and homogeneous photocatalysis with photo-Fenton was observed. The influence of
TiO, concentration (200 or 500 mg/L) and also of combining TiO, with H,O, or NasS,Og on
heterogeneous photocatalysis was evaluated. Heterogeneous photocatalysis with TiO,, TiO»/H>O,
and Ti0,/S,04° " is revealed to be inefficient in removing TOC, originating TOC degradation of 10%,
11% and 25%, respectively, at best. However, photo-Fenton experiments led to 46% TOC
degradation in simulated wastewater prepared with diluted wine (WV) and 93% in wastewater
prepared with diluted grape juice (WG), and if ethanol is previously eliminated from mixed wine and
grape juice wastewater (WW) by air stripping, it removes 96% of TOC. Furthermore, toxicity
decreases during the photo-Fenton reaction very significantly from 48% to 28%. At the same time,
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total polyphenols decrease 92%, improving wastewater biodegradability.
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INTRODUCTION

Wine is the product of alcoholic fermentation of fresh grapes or
of grape must. Wastewater from wine production, called winery
wastewater, comes mainly from washing operations during grape
crushing and pressing, and rinsing of fermentation tanks, barrels,
bottles and other equipment or surfaces (/ —3). Discharge and
biological treatment of this type of effluent is a complex process
due to the high concentration of organic matter, mainly com-
posed of organic acids, ethanol, glucose, fructose and polyphe-
nols with COD from 3000—15000 mg of O,/L. Furthermore,
winery wastewater is seasonal, fluctuating widely in volume and
composition.

Several physical and chemical processes are available for
winery wastewater treatment, but the main one used is phase
transfer of pollutants. Anaerobic treatments have been recog-
nized as a possible way to significantly degrade wastewater with
high organic content, such as winery effluents (4,5). However, the
presence of compounds that are refractory and even toxic to the
microorganisms along with the large quantities of sludge gener-
ated reduces the treatment’s usability (6 —8).

Advanced oxidation processes (AOPs) are based on chemical
oxidation with hydroxyl radicals, which are very reactive short-
lived oxidants. The radicals are produced in an on-site reactor,
where they are capable of destroying a wide range of organic
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pollutants in water and wastewater (9, /0). Fenton’s reagent
oxidation is a homogeneous catalytic AOP that combines hydro-
gen peroxide and ferrous iron, as the catalyst, to oxidize specific
contaminants or wastewaters. The overall reaction is

Fe’™ + H,0, — Fe** + HO™ + HO® (R1)

The ferrous ion catalyzes and triggers decomposition of H,O,,
resulting in the generation of hydroxyl radicals, HO® (11, 12).
Addition of UV radiation to Fenton’s reagent allied in a photo-
Fenton process could be of interest for wastewater treatment,
because it directly influences the formation of HO® radicals (13).
In photo-Fenton reaction, in addition to reaction 1, then hydro-
xyl radicals are also formed through the following reactions
(reactions 2 and 3):

H,0, + UV — HO" + HO* (R2)

Fe’™ + H,0+ UV — Fe*' + HO' +H' (R3)

Heterogeneous photocatalysis is based on irradiation of a
catalyst, usually a semiconductor (e.g., TiO,), which can be
photoexcited to form electron-donor sites (reducing sites) and
electron-acceptor sites (oxidizing sites), providing them with wide
scope as redox agents. Destruction or removal of contaminants
takes place in the interfacial region between the excited solid
particle and the solution, with no chemical change in the catalyst.
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Table 1. Winery Wastewater Characterization
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wastewater synthetic sample pH conductivity («S/cm) TOC (mg/L) COD (mg of O,/L) total polyphenols (mg of gallic acid/L)
wv wine 3.8 152 1155 4440 93
WG grape juice 4.3 107 1185 4500 112
Ww wine + grape juice (50:50) 41 124 1165 4474 103

20 L min

Figure 1. Photo and schematic drawing of the CPC reactor used in the photochemical experiments.

Reactions 4, 5 and 6 are the main reactions in heterogeneous
photocatalysis with TiO, (14, 15):

TiO; + hv — TiO, (¢~ +h™) (R4)
TiO, (e’) +0, = TiO, + O, (RS)

T102 (e_) +H,0, — TIOZ +HO™ +HO* (R6)

Winery wastewater treatment by photo-Fenton and heteroge-
neous photocatalysis has been previously demonstrated (16, 17).
Mosteo et al. (18) report that heterogeneous photo-Fenton, using
natural sunlight as the radiation source, removed 50% TOC in
24 h, suggesting that this process can be used as a pretreatment
for an aerobic biological process.

The purpose of this paper is to evaluate the performance of
solar photochemical AOPs, such as heterogeneous photocatalysis
(with TiO,, TiO,/H,0, and TiOz/SZngf) and homogeneous
photocatalysis with photo-Fenton, to treat winery wastewater
in a compound parabolic collector (CPC) pilot solar plant. This
is, to the best of our knowledge, the first study performed with
winery wastewater in this type of solar collector.

MATERIAL AND METHODS

Winery Wastewater. Because of the seasonal character of winery
wastewater, the effluents had to be reproduced with synthetic samples
prepared by diluting commercial grape juice (WG), commercial red wine
(WYV), and a mixture of both (wine and grape juice, WW) in Milli-Q water.
WG is simulated wastewater characterized by its high sugar content that
reproduces winery wastewater during fermentation. WV is wastewater
with high ethanol content that attempts to imitate wastewater generated
after fermentation. WW simulates the combination of both of the above in
a mixture similar to the equalization tank in some wineries where all the
effluents are mixed.

Table 1 shows the main characteristics of the three types of winery
wastewater: conductivity, pH, total organic carbon (TOC), chemical
oxygen demand (COD) and total polyphenol content.

Chemicals. Heterogeneous photocatalytic degradation was carried
out using a slurry suspension of Degussa (Frankfurt, Germany) P-25
titanium dioxide (surface area 51—55 m*/g) and sodium persulfate
(Na,S,0g) purchased from Panreac. The photo-Fenton experiments were
performed using ferrous iron sulfate (FeSOy4-7H,0), hydrogen peroxide

(30% w/w) and sulfuric acid for pH adjustment (around 2.8—3.0), all
supplied by Panreac.

The phototreated solutions were neutralized by means of NaOH
(reagent grade, Panreac) for the toxicity test. Water used in the pilot plant
was from the Plataforma Solar de Almeria (PSA) distillation plant
(conductivity < 10 uS/em, CI” = 0.7-0.8 mg/L, NO;~ = 0.5 mg/L,
organic carbon < 0.5 mg/L), in order to avoid possible analytical
interference. Other chemicals used in these experiments were reagent
grade and used as received.

Analytical Determinations. Organic matter concentration and
mineralization were monitored by measuring the TOC by direct injection
of filtered samples into a Shimadzu-5050A TOC analyzer, equipped with
an ASI5000 autosampler, provided with an NDIR detector and calibrated
with standard solutions of potassium phthalate. The COD analysis was
performed by Merck Spectroquant cuvette tests. Samples were prefiltered
through 0.20 #m syringe nylon filters (25 mm, Millex GN, Millipore). The
COD and TOC are expressed in mg of O,/L and mg of C/L, respectively.

The initial hydrogen peroxide concentration was always 12 mM and
controlled to avoid complete disappearance by adding small amounts as
consumed. Hydrogen peroxide concentration was determined by the
metavanadate method (19). Colorimetric determination of total iron
concentration with 1,10-phenanthroline was used according to ISO
6332. Ultra pure distilled—deionized water was from a Milli-Q
(Millipore Co.) system. The polyphenol content was measured in filtered
samples by Folin—Ciocalteau reagent (20).

Toxicity Measurements. Toxicity was assessed using the Biofix
Lumi-10 luminometer and the Biofix Lumi kit by Macherey-Nagel. The
biological agent is a freeze-dried preparation of the marine bacterium
Vibrio fischeri (formerly known as Photobacterium phosphoreum, NRRL
number B-11177). Light emission was measured at 15 °C after a 15 min
contact period. Hydrogen peroxide in the samples was removed prior to
the toxicity analysis using catalase (2500 U/mg bovine liver; 100 mg/L)
from Fluka Chemie AG. All the samples were analyzed after adjusting the
pH to 7. Careful control of temperature was essential because light
emission is sensitive to temperature.

Experimental Setup. All experiments were carried out under sunlight,
ina pilot plant installed at the Plataforma Solar de Almeria (latitude 37°N,
longitude 2.4°W). Photo-Fenton and titanium dioxide experiments were
carried out in a compound parabolic collector (CPC) pilot solar plant (27)
able to treat up to 40 L of wastewater (3.1 m? irradiated surface, 22 L
irradiated volume).

The absorber tube has an internal diameter of 29.2 mm and an external
diameter of 32.0 mm. Each experiment was repeated twice, and the
data used for kinetic calculations correspond to the average of two
different tests. The pilot plant (Figure 1) operates in batch mode. The
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Figure 2. Total organic carbon in winery wastewater (WV and WG) during solar photolysis and heterogeneous photocatalysis (TiOo) in a CPC reactor.

Experimental conditions: [TiO,]q = 200 mg/L and 500 mg/L; initial pH = 3.8.

solar collector is mounted on a fixed platform tilted 37° (local latitude).
Solar ultraviolet radiation (UV A < 400 nm) was measured by a global UV
radiometer (KIPP&ZONEN, model CUV 3), mounted on a platform
tilted 37°, which provides data in terms of incident UV (W/m?). This gives
anidea of the energy reaching any surface in the same position with regard
to the sun.

With eq 1, the combination of the data from several days’ experiments
and the comparison between photoreactors installed at different emplace-
ments are possible.

tSOW,n :t3OW,n—] +Atn%vl;u Afn :tn _tn—l (1)
where UV is the average solar ultraviolet radiation measured between 7,
and 7, (At,), t, 1s the experimental time for each sample, V' is the total
volume of water loaded in the pilot plant (35 L), V; is the total irradiated
volume (22 L, glass tubes) and #3py 1s a “normalized illumination time”. In
this case, time refers to a constant solar UV power of 30 W m ™ (typical
solar UV power on a perfectly sunny day around noon). As the system is
outdoors and is not thermally controlled, the temperature inside the reactor
is continuously recorded by a PT-100 inserted in the tank. At the beginning
of the process, the collectors were covered, the pH was adjusted and the
TiO, or ferrous iron salt was added. After each addition of reagents, the
synthetic wastewater was well homogenized by recirculation. Finally, a
sample was taken (time zero), and after that the first amount of hydrogen
peroxide was added and the collector was uncovered. The hydrogen
peroxide was measured frequently and consumed reagent was continuously
replaced to maintain the original concentration throughout the reaction.

RESULTS AND DISCUSSION

Degradation of Winery Wastewater by TiO,. Figure 2 shows
TOC/TOC, during solar photolysis and heterogeneous photo-
catalysis (TiO,) of the simulated winery wastewater in the CPC
reactor. The results reveal that solar photolysis, by itself, pro-
duces a very small decrease in TOC in the two studied samples of
winery wastewater. However, in the synthetic sample with high
sugar content (WG sample) the TOC content decreases slightly
faster than in the synthetic WV sample.

In the experiments performed with heterogeneous photocata-
lysis (TiO,), degradation of two types of winery wastewater
(WG or WV) was evaluated with two different amounts of
catalyst (200 and 500 mg/L). In the experiments with 200 mg/L
of TiO,, TOC decreased 8% in the WV sample and 10% in WG
after a t3pw 0f 400 min. TOC removal from WV was not improved
by increasing the amount of catalyst from 200 mg/L to 500 mg/L,
which was again 10%. Thus, TiO, alone is insufficient, even when
the amount of catalyst was more than doubled, to remove TOC

present in the winery wastewater. Therefore, a TiO, concentra-
tion of 200 mg/L was selected as the best option and was used in
following experiments.

Degradation of Winery Wastewaters by TiO,/H,0; and TiO,/
S,05”". Figure 3 shows experiments performed with TiO, com-
bined with hydrogen peroxide or persulfate to evaluate the
improvement in TOC removal generated by the addition of these
oxidants to TiO,. No significant changes are observed in the data
with either of the combinations (TiO,/H,0, or TiOz/Szong).
With TiO,/H,0,, TOC removal was 11% after a t3qw of 150 min,
and with a single addition of 10 mM of 320827 to TiO, at the
beginning of the experiment, TOC degradation was 12% in
both WV and WG samples. When the concentration of S,04>~
(10 mM) in solution was kept constant throughout the reaction in
aTiO,/ $,05%” experiment, TOC removal was 25% after a t3ow of
440 min. Therefore, as a final comment on the heterogeneous
photocatalysis experiments, it may be confirmed that no signifi-
cant TOC degradation can be achieved with this process in either
WYV or WG even when the amount of TiO, is increased or H,O,
and S,04%” are added.

Degradation of Winery Wastewater by Photo-Fenton Oxidation.
The effectiveness of photo-Fenton has previously been demon-
strated using different sources of radiation and different types of
winery wastewater (16, 18,22). So, the next step in this study is to
test the effectiveness of photo-Fenton in the treatment of a winery
wastewater in a CPC reactor.

Figure 4 shows the application of solar photo-Fenton to
treatment of a sample of WV. The photo-Fenton experiments
were done with a single dose of Fe** (55 mg/L) at a pH of 3. The
hydrogen peroxide dose of 12 mM was maintained constant with
successive additions throughout the experiment. The solar photo-
Fenton experiments started when the CPC reactor was exposed to
solar radiation. The results show that after a f3pw of 500 min with
an added H,O, concentration of 151 mM TOC removal was 54%.

These results are not particularly exceptional since longer
reaction time and higher dose of H,O, were used. A possible
explanation could be the fast disappearance of iron from the
reaction media, probably because the iron forms complexes with
compounds present in the winery wastewater. Figure 4 shows how
fastiron disappears from the reaction media, especially in the first
100 min. So to find out whether this poor TOC removal could be
explained by the very low iron concentration in solution, the
amount of iron necessary to maximize solar photo-Fenton was
specifically evaluated.
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Figure 3. Influence of hydrogen peroxide (H»O,) and sodium persulfate (Na,S,Og) in heterogeneous photocatalysis (TiO,) treatment of winery wastewater
(WV or WG) in a CPC reactor. Experimental conditions: [TiO,]o = 200 mg/L; initial pH = 3.8.
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Figure 4. Winery wastewater (WV) treatment by solar photo-Fenton using a CPC reactor. TOC (OJ), hydrogen peroxide (®) and iron (A) concentrations
during reaction. Experimental conditions: [Fe?*]o =55 mg/L; [H202]o = 12 mM; initial pH = 3.0.

Influence of Ferrous Iron Concentration. Photo-Fenton
experiments were carried out at two different Fe*™ concentra-
tions, 55 mg/L and 110 mg/L. Figure 5 shows a photo-Fenton
experiment performed with 110 mg/L. From the data shown, it
may be observed that no significant improvement was achieved
by increasing the iron concentration. In fact, contrary to what was
expected, there is a small decrease in TOC removed. In the
experiment with 55 mg/L of iron and a f3¢,, of 250 min, TOC
degradation was 21% while with 110 mg/L of iron degradation
was only 11%. This reduction in TOC removal may be explained
by redox reactions in which HO® radicals are scavenged by
reaction with other Fe?" molecules as displayed in reaction 7 (23).

Fe’™ + HO" — HO ™ 4 Fe’* (R7)

Thus, the large amount of ferrous iron added decreases the
strength of the photo-Fenton reaction. It was also found that,
even with a large initial amount of iron, the concentration in
solution decreases very fast in the first minutes, just as it did in the
experiment with 55 mg/L of iron.

Furthermore, the effect on TOC removal of several additions
of iron during the reaction in an attempt to keep the amount of

iron in solution constant at around 55 or 110 mg/L was studied.
Figure 6 shows the results of these experiments. In the experiment
started with 55 mg/L of iron, TOC degradation was 44%, and in
the experiment started with 110 mg/L, removal was 48% in
around the same reaction time (400 min). These results reveal
an improvement in TOC degradation compared to the experi-
ments with single additions of iron, especially in the experiment
started with 110 mg/L. Therefore, the continuous addition of
ferrous iron throughout the reaction slightly improves the solar
photo-Fenton degradation capacity, however, with continuous
addition, the total amount of iron is obviously larger than with
only one dose. Thus, in the experiment started with 55 mg/L of
ferrous iron, at the end of reaction, the cumulative total of ferrous
iron was 153 mg/L, and in the experiment started with 110 g/L, it
was 323 mg/L.

Thus, around three times more ferrous iron was used than in
the experiments with a single dosage, but this increment in iron
does not directly correspond to an increment in TOC degrada-
tion, as the large amount of iron added in several additions does
not lead to a clear improvement in TOC removal, because the
difference between 55 mg/L and 110 mg/L on TOC degradation
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Figure 5. Winery wastewater (WV) treatment by solar photo-Fenton in a CPC reactor. TOC (O), hydrogen peroxide (®) and iron () concentrations during
reaction. Experimental conditions: [Fe?* o = 110 mg/L; [Ho02]o = 12 mM; initial pH = 3.0.
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Figure 6. Effect of several additions of iron on TOC removal and accumulated iron concentration during photo-Fenton experiment. Experimental conditions:
winery wastewater (WV); [Fe?*Jeonst = 110 mg/L (@) and [Fe® Joonst = 55 mg/L (O); [Ho05] = 12 mM; initial pH = 3.0.

was only 4%. Therefore, the best ferrous iron dosage for solar
photo-Fenton operation is a single dose of 55 mg/L. The next step
in the study was an in-depth analysis of application of photo-
Fenton to simulated winery wastewater.

Influence of Winery Wastewater Composition. Figure 7
shows the results of several experiments performed with photo-
Fenton with different initial operating conditions. First, the effect
of wastewater type (WV or WG) on the photo-Fenton experi-
ment with a single 55 mg/L dose of ferrous iron was evaluated, and
TOC removal was found to be higher in the WG sample than in
the WV sample. TOC removal was 46% in a t3pw of 400 min in
WV while in WG, degradation was 93%. So photo-Fenton
treatment of winery wastewater is observed to be significantly
affected by the composition of the wastewater, with a difference
of up to 47%.

The next step was therefore to assess the application of photo-
Fenton in wastewater containing a mixture of WV and WG (WW).

This simulates real wastewater treatment in some wineries that
have retention tanks to store and equalize the seasonal effluent
from the different stages of wine production before further
treatment in a wastewater treatment plant. Photo-Fenton treat-
ment of the wastewater with WG and WV was faster than with
either WV or WG alone. TOC removal in the mixture was

90% for a t3pw of 150 min. This strong removal of the organic
load present in the wastewater indicates that photo-Fenton was
more efficient in terms of the iron dose applied. Therefore,
another experiment was done with the mixture of wine and grape
juice, but with a single dose of ferrous iron of only 20 mg/L.

Figure 7 shows that there are no significant differences in TOC
removal due to the smaller iron dosage, as after a 39y of 150 min,
degradation was 84%. Thus, for a 60% decrease in ferrous iron
concentration, TOC removal is only 6% lower. Therefore, an
interesting option may be to store and equalize such wastewater
before photo-Fenton treatment, which would be significantly
more economical in terms of ferrous iron consumption and TOC
degradation.

Influence of the Ethanol in Winery Wastewater. The main
difference between the two types of wastewater (WV and WG) is
that WV has a large amount of ethanol and in WG there is a high
concentration of sugars. Therefore, to evaluate the effect of
ethanol on the photo-Fenton process and consequently on
TOC removal, ethanol elimination from the winery wastewater
was evaluated. Ethanol was removed from the wastewater made
with diluted wine (WV) by air stripping using aquarium pumps
and warming the solution to 35 °C for 24 h. By removing ethanol,
the main volatile compound in the wastewater, the corresponding
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Figure 7. Influence of winery wastewater composition on TOC removal during photo-Fenton oxidation. Experimental conditions: [H202], = 12 mM; initial
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Figure 8. Total polyphenols, COD and toxicity during photo-Fenton oxidation of winery wastewater. Experimental conditions: [Fe® ]y = 20 mg/L; [Hx0s]o =

12 mM; initial pH = 3.0.

organic load, equivalent to 70% of the TOC present in the
solution, was also removed, similar to other studies (24).
Although the experiment was done with the same original TOC
as the other experiments, a large volume of wine without ethanol
was added so the initial TOC would be the same and only the
ethanol concentration changed.

Photo-Fenton degradation of this ethanol-free winery waste-
water was 96% after a t3pw of 130 min. Based on this assay, it
should be stressed that ethanol significantly influences photo-
Fenton efficiency. This can be explained by the ethanol degrada-
tion pathways during photo-Fenton. Since ethanol is transformed
during photoxidation, e.g., asin photo-Fenton, into acetaldehyde
and later into acetic acid (reaction 8) (25):

% . CH;CHO —2

acetaldehyde hy

CH;CH,0OH

ethanol hy

CH;COOH

acetic acid

(R8)

Acetic acid is a well-known hydroxyl radical scavenger, as can
be observed in the following reaction (reaction 9):

CH;COOH + HO®* — CH,COOH" + H,0 (R9)

Therefore, the lower degradation capacity of the photo-Fenton
process when applied to WV is because of the action of acetic acid
on the hydroxyl radicals. Thus, if the wastewater contains a large
amount of ethanol, an air stripping pretreatment prior to photo-
Fenton significantly increases the efficiency of this advanced
oxidation process.

COD, Total Polyphenols and Toxicity Evolution in
Photo-Fenton Process. Winery wastewater contains significant
concentrations of refractory and even toxic compounds. Figure 8
shows COD, total polyphenols and toxicity during the photo-
Fenton experiment. This experiment was performed with winery
wastewater prepared with ethanol-free WV and WG (curve * in
Figure 7).

Photo-Fenton removes 98% of the COD load in the winery
wastewater after a t3ow of 82 min. This confirms the previous
finding of 96% TOC after a ;0w of 130 min. The total poly-
phenol content, measured as the reduction in the concentration
of gallic acid, was monitored during the photo-Fenton reac-
tion. This model phenolic compound was selected since it is
the most representative phenolic acid present in winery waste-
water (26—28). Its concentration increases in the first 73gw of
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30 min due to aromatic ring hydroxylation (7), but after that,
during the rest of the reaction, it drops to 92% of the original
polyphenol content.

The toxicity of the winery wastewater was measured with the
luminescent bacteria Vibrio fischeri, which indicated that initial
toxicity decreases after photo-Fenton, making the wastewater
more acceptable for biological treatment. At first, after a t3gw of
15 min of contact with the winery wastewater, Vibrio fischeri
showed 48% inhibition, but at #;gy of 25 min, the percentage of
inhibition decreased to 44%, although afterward toxicity in-
creased again to 82%. This small reduction in toxicity from
48 to 44% is probably due to some experimental error, since
afterward it increases significantly. This can be explained by the
higher total polyphenol content, making the wastewater more
toxic. Afterward, as photo-Fenton progressed, toxicity dropped
to 28% when COD when COD and total polyphenol content
were reduced 98 and 92%, respectively.

As final remarks, this study shows that heterogeneous photo-
catalysis (TiO,, TiO,/H,0,, TiO,/Na,S,0g) of simulated winery
wastewater is inefficient in removing TOC, with best performance
of only 25% TOC degradation. Homogeneous photocatalysis
with solar photo-Fenton in the CPC reactor showed a TOC
removal efficiency of 46% with simulated wine (WV) wastewater
and 93% with grape juice (WG) in a t3pw of 400 min. However
TOC removal was 90% in a 50:50 WV and WG mixture after a
t3ow of 150 min.

If ethanol is previously removed from the winery wastewater
mixture (WW) by air stripping, TOC degradation is 96% for a
tzow of 130 min. In addition to this high TOC degradation,
toxicity also decreases significantly from 48% to 28%, which is
related to the polyphenol content reduction by 92%. So, solar
photo-Fenton may be considered an efficient treatment for
winery wastewater treatment, if air stripping is previously applied
to remove ethanol.
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