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Treatment of winery wastewater using a photocatalytic/photolytic reactor
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bstract

In this study, an annular photocatalytic/photolytic reactor system was designed to investigate remediation of winery wastewater. The performance
f the reactor was studied as a functional of various operating variables, such as gas flow rate, pH and catalyst loading. It was found that the optimum

as flow rate was 6 L/min whereas the optimum pH value is 6.5. The highest photodegradation rate and the maximum COD removal were achieved
t zero catalyst loading with COD removal of about 84%. Lower rates of chemical reaction in photocatalysis compared to photolysis were possibly
ecause of the shielding of UV light by titania particles. This hypothesis was confirmed by conducting further experiments with inert glass beads
here the reaction rate decreased with particle loading in an identical manner.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Winery wastewater is the waste product of many independent
rocessing and cleaning operations in wineries. Wineries and
ther grape processing industries annually generate a large vol-
me of wastewater. This mainly originates from various washing
perations during the crushing and pressing of grapes, as well
s rinsing of fermentation tanks, barrels and other equipment or
urfaces [1]. The unique combination of wine styles, processing
perations and cleaning practices result in each winery generat-
ng wastewater with unique characteristics, especially during
intage. Vintage is a 6–20-week period in which harvesting
nd crushing of wine grapes and fermentation of grape juice
o wine take place. The remainder of the year is non-vintage. As
he numbers of wineries are rapidly multiplying, concern about
astewater treatment from this industry has grown.
Winery wastewater is characterized by large seasonal fluctu-

tions in volume and composition and is often discarded with
ittle or no treatment. In general, the regulatory bodies dictate
hat treated wastewater should have a pH of 5.5–7.5 and chemical
xygen demand should not exceed 75 mg/L before discharging

nto the environment. However, winery wastewater typically has
pH of 3–4, with a COD of 800–12,800 mg/L [2]. Furthermore,

he COD can increase to 25,000 mg/L depending on the harvest
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oad and processing activities. The organic carbon compositions
f wastewater produced by wineries are tartaric, lactic and acetic
cids, also found are glucose, fructose, glycerol and ethanol. So
t is clear that sugars, organic acids and alcohols dominate the
rganic carbon composition of wastewater produced by winer-
es [3]. The chemical analyses of winery wastewater indicate
hat the organic acids play a more prominent role in the acid-
ty of the wastewater, whereas the high concentration of sugars
ontributes largely to COD [4].

These sugars are easily dissolved in wash-down water, and are
easured in the effluent as biochemical oxygen demand (BOD).
he BOD levels associated with grape crushing, barrel washing
nd bottling may be as high as 5000 (ppm or mg/l). Wastewater
ith high levels of BOD combined with chlorine from chlo-

inated water sources may produce a known cancer-causing
isinfection by-product, trihalomethanes (THMs), which can
ontaminate the ground water [5]. Thus it is essential to treat
he wastewater appropriately before discharging it to the envi-
onment.

There are three common techniques presently employed by
ineries to reduce BOD level: septic tank leach field, ponding,

nd bioreactor systems [5]. Each has various degrees of failure.
he septic tank leach field quickly plugs with the high solid load-

ng rate. The ponding system usually requires several hectares

f land, often located on valuable vine land, and often fails to
chieve acceptable level of BOD apart from odour problems
oming out of the ponds. In the bioreactor systems, a number
f biological systems have been evaluated for winery wastewa-
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er, such as activated sludge reactors [1,2,6], that are efficient in
OD removal, but require long retention times. The bioreactor

ystems are often associated with high capital and operational
osts. Consequently, there has been no general agreement on the
ost suitable method for the treatment of winery wastewater.
Recently, the photocatalytic action has provided a promis-

ng potential alternative method for wastewater treatment. A
omprehensive review of synergistic effect of photocatalysis
nd ozonation on wastewater treatment has been done by the
resent authors [7]. Several previous studies [8,9] have reported
pplication of this technique for the degradation of almost all
ypes of organic and inorganic substances including aliphatic
ompounds, inorganic compounds, aromatic compounds, sur-
actants, dyes, herbicides, pesticides, fungicides, amides, and
lso sulphides. In the presence of oxygen, many types of semi-
onductor powders have been used as photocatalysts to promote
he oxidation of chemical contaminants. When illuminated with
ight of energy higher than the band gap, electrons and holes are
ormed on the surface of semi-conductors that are capable of
nitiating chemical reaction. The method of the oxidizing reac-
ion associated with the holes can be used to hydroxylate various
ompounds.

The aim of this work is to conduct a feasibility and exper-
mental study on the treatment of winery wastewater using a
hotocatalytic/photolytic reactor. The performance of the reac-
or was studied with respect to various process parameters such
s gas flow rate, initial pH of solution and catalyst loading.

. Experimental

.1. Chemicals and materials

Winery wastewater (WW) was obtained from a commercial
ine company located in the Swan Valley in Western Aus-

ralia. A typical assay of winery wastewater has been provided
n Table 1. Titanium dioxide (≥99.0%) was obtained from

ldrich Chemicals. It is almost pure anatase with almost no

utile, as confirmed by X-ray crystallography studies. As per
he manufacturer’s specifications, the particle size was approxi-

ately 325 mesh (<44 �m), with the specific surface area (BET)

able 1
n example of the organic carbon composition of wastewater produced by
ineries

Vintage Non-vintage

rganic acids
Tartaric 530 350
Lactic 250 120
Acetic 100 50

ugars
Glucose 2500 230
Fructose 2500 270

lcohols
Glycerol 190 120
Ethanol 2400 2900

nits are in mg/L [3]. Samples may also contain butyric acid, which co-elutes
ith ethanol.
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Fig. 1. Schematic of photocatalytic reactor.

0–150 m2/g. Ambient compressed air was used as the feed gas
or the reactor. Continuous pH monitoring was conducted using
TPS Digital pH meter.

.2. Experimental procedure

Experiments were carried out in batch operation in an annu-
ar type reactor as shown in Fig. 1. Reactor capacity is 60 L
ith an irradiated volume of 38.5 L. The outer chamber is a

tainless steel vessel (i.d. = 30 cm, height = 60 cm), fitted with a
V lamp enclosed in a cylindrical quartz tube (i.d. = 5 cm). This
ave an effective L/D ratio of about 3 (because about 30% of
he cross-section was occupied by the annular lamp assembly)
hich corresponds to the lower limit of the recommended values

or this quantity for bubble columns. The low L/D value used in
his work was an outcome of a trade-off between typical require-

ents for a bubble column (i.e., L/D > 3) and results from our
revious study [10] where it was found that in order to keep the
ight intensity distribution uniform, the length of the UV lamp
hould be as close to the photoreactor height as possible. Since a
onger lamp costs significantly higher and is expensive to oper-
te, we used a 30 cm (length) lamp. To keep the light intensity
istribution uniform in at least in the half of the reactor volume,
he reactor height was limited to 60 cm. The lamp used in this
tudy was a medium pressure mercury arc UV lamp (Primarc
td., PM2326) emitting in the wavelength range 310–435 nm,
ith a maximum emission at 365 nm.
The reactor was thoroughly cleaned before each of the exper-

mental runs. The pH meter was calibrated periodically. The
inery wastewater was appropriately diluted with water while

dding sulphuric acid or sodium hydroxide to adjust the pH;

hen the wastewater was mixed with a measured amount of TiO2
anatase) powder to give uniform slurry in 60 L supply tank. The
ir supply was turned on and the annular photoreactor was filled
ith solid–liquid slurry (winery wastewater + catalyst powder)
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acid, adsorption and degradation attained a maximum close to
the zero point charge of TiO2 catalyst at pH 7 (approx.) and then
decreased again as the pH was further increased.
T.E. Agustina et al. / Chemical En

sing a pump while continuously stirring the slurry in the sup-
ly tank to avoid the settling of the catalyst. Air from the flow
ontroller was passed upwards through the slurry solution via a
mm stainless mesh distributor. The UV light was illuminated
fter the solution was aerated with air. The reaction temperature
as maintained between 25 and 30◦C by adjusting the flow rate
f the cooling water.

.3. Analytical method

Samples were taken periodically for analysis of total organic
arbon (TOC) and chemical oxygen demand (COD). TOC was
etermined using a Shimadzu TOC 5000 analyzer and COD
as measured through a titrimetric method. Before analysis

ach sample was passed through a 0.45 �m Whatman filter to
liminate the TiO2 particles.

. Results and discussion

Industrial winery wastewaters consist of a matrix of a large
umber of organic pollutants. In this situation, the TOC measure-
ent gives a more realistic estimate of total organic carbon than

ither biochemical oxygen demand (BOD), assimilable organic
arbon (AOC), or COD [11,12] measurements. Therefore, the
rganic concentration in this study was characterized in terms
f TOC.

.1. Effect of gas flow rate

When the electrons and holes are generated on the TiO2 sur-
ace, the electrons should be effectively removed to prevent the
ecombination of electrons and holes and thereby keeping the
oles to promote the oxidation process. Although some metal
ons are effective in scavenging electrons, the use of oxygen
r air is preferred for wastewater treatment, as oxygen does
ot introduce other pollutants into the system. Moreover, three
omponents must be present in line for the heterogeneous photo-
atalytic reaction to take place: an emitted photon (in appropriate
avelength), a catalyst surface (usually a semi-conductor mate-

ial) and a strong oxidizing agent which in most cases is oxygen
13]. In this experiment, compressed air was used as additional
xidizing agent and to promote better mass transfer between the
atalyst particle and the solution.

Fig. 2 shows the effect of gas flow rate on the photodegra-
ation rate of wastewater. It is clear that the average reaction
ate increases with increasing gas flow rate. However, as the
as flow rate exceeds 6 L min−1, reaction rate decreases with
as flow rate. Although, for the gas flow rates investigated in
his study (0–10 L min−1), the superficial gas velocities in the
olumn were in the range 0–0.24 cm s−1, which in 30 cm diam-
ter ordinary bubble column should correspond to homogenous
ubbly flow regime (with bubbles of almost equal size). How-
ver, even at these relatively low gas velocities, the presence of

nnular glass assembly resulted in a significant bubble break-up
nd coalescence which was clearly noticed during the experi-
ent. Therefore, it is believed that the decrease in reaction rates

an be attributed to relatively unfavourable gas–liquid hydro-

F
r
a

ig. 2. Effect of gas flow rate on photodegradation rate. Experimental con-
itions: residence time 5 h, catalyst loading 1 g L−1, and average reaction
emperature 25 ◦C.

ynamic conditions at higher gas glow rates. When the flow
ate is greater than a critical value, the fine bubbles in solution
ad more tendencies to collapse together and form large bub-
les. As a result, the total contact area between the gas and liquid
as reduced. Furthermore, the residence time of large bubbles is

horter than that of fine bubbles. The decreased gas–liquid inter-
ace and shortened residence time of oxygen retard the oxidation
ate. However, to ascertain the exact cause of this apparently
everse trend from those obtained by other researchers [13],
ore investigations such as measurements on dissolved oxygen

hould be carried out.

.2. Effect of initial pH solution

The pH may affect the surface charge on the photocatalyst
nd also the state of ionization of the substrate and so adsorption
f the substrate [8,14]. Also, industrial effluents may be basic or
cidic and therefore pH effect must be considered.

Fig. 3 illustrates the dependence of photodegradation rate on
he pH value. It indicates that increasing the pH from 4 promoted
he degradation rate but it reaches a maximum rate at pH 6.5.
s the pH value increased further, the degradation rate dropped

apidly. Subramanian et al. [15] found a similar effect in their
tudy on pH. They showed that in the case of p-hydroxy benzoic
ig. 3. Effect of pH on photodegradation rate. Experimental conditions: air flow
ate 6 L min−1, catalyst loading 0.5 g L−1, average reaction temperature 25 ◦C,
nd reaction time 60 h.
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Furthermore, when the pH value was above 10, the average
eaction rate increased again. This is because when solution is
ufficiently alkaline (pH values more than 10), the increased the
oncentration of OH• radicals increases the degradation rate.
ei and Wan [16] reported the same propensity of pH effect in

heir study on the photocatalytic oxidation of phenol. They found
hat at acidic conditions (with pH values less than 2) did not
avour the photocatalytic oxidation of phenol but with less acidic
olutions phenol degradation increased and reached a maximum
t pH ∼6.5. As the pH value increased further, the removal per-
ent is reduced rapidly. However, when the pH value is above 11,
he phenol oxidation rate increased again. In their explanation,
hey mentioned that when the pH increased, the active hydroxyl
roups on TiO2 surface increased too. Consequently, a faster
eneration of OH• radicals accelerated the phenol oxidation. As
he pH increased further to 6.5, the phenoxide ions induced by
he increasing pH value tend to replace the OH− ions on the
iO2 surface and result in the elimination of the OH• genera-

ion. However, when the pH value reached 11, the OH− ions
re concentrated enough to compete with the phenoxide ions
or adsorption on the TiO2 surface. Therefore, the generation of
H• is enhanced again.

.3. Effect of catalyst loading

The effect of the amount of catalyst on the photodegrada-
ion rate was investigated. Experiments were conducted with
arious amounts of catalyst powder (0–3 g L−1). Fig. 4 shows
he effect of TiO2 loading on average reaction rate. It indicates
hat the degradation could occur without TiO2 (photolysis condi-
ion) and the degradation rate decreased with increasing catalyst
oading. It is obvious that in this case, the TiO2 has a shading
ffect on the light. Furthermore, the TOC removal is highest
hen the experiments were conducted without photocatalyst as
emonstrated in Fig. 5.

Sabate et al. [17] studied the photolysis of polycyclic aro-
atic hydrocarbons in aqueous phase by UV irradiation. They

ound that photolysis degradation of fluorene was more effi-

ient than sensitized photolytic oxidation in the presence of TiO2
uspensions. The photolytic elimination kinetics is faster than
hotocatalytic and is dependent on molecular size and the pres-
nce and type of substrates. Beltran at al. [18] examined the

ig. 4. Effect of catalyst loading on photodegradation rate. Experimental con-
itions: air flow rate 6 L min−1, initial solution pH 6.5, average reaction
emperature 25 ◦C, and reaction time 60 h.

t
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ig. 5. Effect of catalyst loading on TOC degradation. Experimental conditions:
ir flow rate 6 L min−1 initial solution pH 6.5, and average reaction temperature
5 ◦C.

arious oxidation processes for the removal of phenols from
ater. They reported that the addition of TiO2 gives negative

ffect since the rate constant clearly decreased with respect to
hat with photolysis system. Different factors are likely to be
esponsible for the negative effect of TiO2 compared with pho-
olysis alone such as different pH values (the reactions were not
uffered) and the presence of intermediates at varying concentra-
ion. Several studies showed that photolysis and photocatalysis
nvolve the same pathway, and the difference in the reaction
ates between the two processes is due to the hydroxyl radical
oncentration [19–21].

Fig. 6 shows extents of COD and TOC removals for reac-
ion time of 60 h with other experimental conditions indicated.
t shows that the highest COD and TOC removals were in the
bsence of any catalyst, with removals of 84% and 75%, respec-
ively. This proves that the photolysis process is better than the
hotocatalysis process for the treatment of winery wastewater.
he probable reason for this behaviour is that the contaminants

n the wastewater are photosensitive and the presence of TiO2
ended to block some of the UV light reaching the organic con-
aminants and thus reducing the TOC removal rates. However,
o confirm this notion that light shielding is responsible for
ecreased reaction rates in the presence of TiO2 catalyst, fur-
her experiments on photolysis were conducted to ascertain the
ffect of pH and inert particles having similar physical properties

o TiO2 were conducted as below.

Fig. 7 shows the effect of initial solution pH in the absence of
ny catalyst. It is clear that the average reaction rate increased
n increasing the initial solution pH. These results are in agree-

ig. 6. Effect of catalyst loading. Experimental conditions: air flow rate
L min−1, initial solution pH 6.5, and average reaction temperature 25 ◦C.
eaction time 60 h.
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ig. 7. Effect of initial solution pH on average reaction rate in photolysis. Exper-
mental conditions: air flow rate 6 L min−1, reaction time 60 h, and average
eaction temperature 28 ◦C.

ent with Ku et al. [22], who in their investigation on the effect
f solution pH on the hydrolysis and photolysis of diazinon in
queous solution, found that the photolytic rate constant for the
ecomposition of diazinon by photolysis decreased under acidic
ondition. Lipczynska-Kochany and Bolton [23] also reported
hat photochemical removal of phenol under alkaline condi-
ions is more efficient than under neutral and acidic ones. These
esults could be due to inhibition of reaction rates by high proton
H+) concentration in acidic solutions. Furthermore, under the
lkaline condition, the addition of hydroxide ions (OH−) could
eutralize acidic products generated from the photolysis, and
herefore improved the photosentitization process [24]. A com-
arison between Figs. 7 and 3 reveals that throughout the range of
H studied, photolysis always gave higher reaction rates. There-
ore, results in Figs. 4 and 5 could not simply be because of
ssociated pH values in photocatalysis and photolysis.

Finally, in order to establish that the decreased reaction rate
n photocatalysis was indeed because of the shading effect of
iO2, a study was conducted by replacing TiO2 with glass beads.
he size distribution of glass beads used was equal to that of
iO2 powder. As shown in Fig. 8, the percentage TOC removal

ecreased consistently on increasing the glass beads loading.
hus, it is proven that the catalyst loading (TiO2) could be

esponsible for shielding UV light in photocatalysis.

ig. 8. Extent of TOC degradation with glass beads. Experimental conditions: air
ow rate 6 L min−1, initial wastewater pH 6.5, and average reaction temperature
5 ◦C.
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. Conclusions

The treatment of winery wastewater using a photocatalytic
eactor was studied. The effects of gas flow rate, initial solu-
ion pH and catalyst loading on the photodegradation rate were
nvestigated. It was found that the optimum gas flow rate was
L min−1 while the optimum pH value is 6.5. On the other
and, the photodegradation rate decreased with increasing cat-
lyst loading. The highest photodegradation rates, measured as
OD or TOC removals, were attained in the absence of any cat-
lyst. This study shows that for winery wastewater, TiO2 had a
hading effect on the light reaching the organic contaminants in
he reactor. Thus the study proved conclusively that photolysis
s superior to photocatalysis as a treatment alternative for winery
astewater.
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