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Abstract

Decolorization and mineralization of bakery’s yeast industry effluent by photochemical advanced oxidation processes (AOPSs) utilizing UV
with hydrogen peroxide and Photo-Fenton, were investigated in a laboratory scale photo-reactor equipped with a 16 W low-pressure mercury
vapor lamp. The Box—Wilson experimental design method was employed to evaluate the effects of major process variables (e.g. pH, oxidant
dose, and irradiation time) on the decolorization efficiency. Response function coefficients were determined by regression analysis of the
experimental data and prediction results agreed with the experimental results. The optimum hydrogen peroxide concentration and irradiation
time were found to be 5mM and 50 min at pH 3, respectively, for UNDkprocess. In the Photo-Fenton process application, maximum
decolorization efficiency (96.4%) was obtained at the optimum reaction conditions that were 109@Mrdl 1 mM Fe(ll) doses at pH 3,
and 10 min of irradiation time.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction yeast industry contains high chemical oxygen demand
(COD), total Kjeldahl nitrogen (TKN), dark color, and non-
Bakery's yeast, a fermented product used in the prepara-biodegradable organic pollutants. There are basically two
tion of bread, is manufactured by the aerobic fermentation of types of wastewater; one is high strength process wastewater
selected strains dlaccharomyces cerevisiae. Bakery's yeast  that originates from yeast separators and processes, such as
products are made from strains of this yeast selected for theircentrifuges and rotary vacuum filters, and the other one is low
special qualities relating to the needs of the baking industry. and medium strength process wastewater that originates from
The production of bakery’s yeast using sugar beet molassesfloor washing and equipment cleaning. High strength process
which are markedly colored by high-molecular weighted wastewater thatis highin COD and color can be treated anaer-
melanoidin-type dark brown colorants, includes operations obically. Arhan et al[2] have stated that the high strength
and processes, such as molasses preparation, fermentatiomnvastewater following by anaerobic treatment stage was first
separation and drying of the yed%}. combined with low strength wastewater and then sent to the
The effluent of bakery’s yeast industry is a major source aerobic treatment stage in the plant considered in their work
of pollution as it has a high biological oxygen demand. [2].
In addition to high BOD, an effluent from the bakery’s Biological treatment of wastewater will eliminate impor-
tant components of the organics in the wastewater. However,
+ Corresponding author. Tel. +90 232 412 7135; the biochemical decomposition by conventional treatment
fax: +90 232 4531008/1135. method may not be enough to complete color reduction.
E-mail address: ebru.cokay@deu.edu.tr (E.Catalkaya). Although there is no effluent limitation set for color in the
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regulations, it can be necessary to use more effective procesable1
for the reduction of color. Otherwise, ecosystems of streams Characterization of effluent of bakery's yeast industry used

can be seriously affected. In the past, refractory organics, Parameter Unit Value
which result color in wastewater, have been treated by adsorp-pH - 7.85
tion onto activated carbon or by chemical coagulaf®#d]. copb mg L~* 800
However, these traditional methods mainly transfer the con- TOC mg L 200

. . 1
taminants from wastewater to solid wastes. Color (Abs) m 1.900

In recent years, advanced oxidation processes (AOPS)
have emerged as potentially powerful methods that are capa- Ferrous (FeS@7H,0) used as source of Fe(ll), was ana-
ble of transforming the pollutants into harmless substanceslytical grade and purchased from Merck. Hydrogen perox-
[5] and that almost all rely on the generation of very reac- ide solution (35% (w/w)) in stable form, 2$04 (98-99%)
tive free radicals, such as the hydroxyl radical, ‘Qredox and NaOH were all provided from Merck. An amount of
potential = 2.8 V)[6]. When generated, these radicals react 1000 mg L=1 Fe(ll) stock solution was prepared for further
rapidly and usually indiscriminately with most organic com- dilution to obtain a solution of desired concentrations. Fe(ll)
pounds, either by addition to a double bond or by abstraction stock solution was stored at dark place to prevent oxidation
of a hydrogen atom from aliphatic organic molecul@k of Fe(ll). The pH of aqueous solutions was adjusted using
The resulting organic radicals then react with oxygen to either sodium hydroxide or sulfuric acid where needed. In
initiate a series of degradative oxidation reactions that ulti- order to prevent further oxidation of organics, exces©
mately lead to mineralization products, such a3@ad HO should be removed. For this aim, Mp@vas added to col-
[8]. Therefore, advanced oxidation is a potential alternative lected agueous samples. Distilled water was used in cleaning
to decolorize and to reduce recalcitrant organic compoundsand experimentation.
from polluted water.

Although AOPs have these advantages, one common prob-2.2. Photo-reactor
lem in all AOPs is the high electrical energy demand for UV
lamps, which causes high operational costs. Minimization  All experiments were performed in a well stirred, batch,
of the required irradiation time, thus, the energy consump- cylindrical photo-reactor with a total volume of 2.2L. The
tion by optimization of the other reaction conditions, such reactoris made of glass and does not contain any metal parts.
as operational pH, chemical types, chemical concentrations,The outside of the reactor was covered with an aluminum
and pollutant/oxidant ratio, therefore, is very important. For sheet. The upper part of the reactor has inlets for feeding reac-
this aim, the Box—Wilson experimental design was used in tants, and ports for measuring temperature and withdrawing
order to find optimum reaction conditions and to investigate samples. The reactor was open to air and a teflon-coated mag-
the effects of important process variables on color removal netic stirring bar was placed at the bottom of the reactor to
performance in this work. provide a proper mixing. The UV irradiation source was a

The Box—Wilson experimental design is a response sur- 16 W low-pressure mercury vapor lamp (maximum emission
face methodology used for evaluation of a dependent variableat 254 nm) encased in a quartz tube. Since the light source
as functions of independent variab[8s10]. The objectives  produces heat, the lamp was surrounded with a water-cooling
of this study were therefore to investigate the effectivenessjacket to conduct experiments at room or controlled temper-
of advanced oxidation by applying UV with hydrogen per- atures; the lamp was axially centered and immersed in the
oxide and Photo-Fenton processes for decolorization, andreactorFig. 1shows the schematic diagram of the laboratory-
the residual total organic carbon (TOC) removal of biologi- scale photochemical installation used in the study.
cally pretreated bakery’s yeast industry (BY1) effluents using
Box—Wilson experimental design method. Fe(ll) angO 2.3. Experimental procedure and analytical methods
doses, pH and reaction time were considered as indepen-
dent variables while color removal efficiency was considered  For a standard reaction run, 2L of the wastewater sam-
as dependent variable in the Box—Wilson statistical design ple was used. Required amounts of sulfuric acid or sodium
method. In addition to color removal efficiency, TOC has hydroxide solution were added to the sample in order to
also been determined in order to evaluate the mineralizationobtain the desired pH in the solution. Following the pH adjust-
rate, as an important indicator of the treatment effectiveness.ment of bakery’s yeast effluent, it was poured into the reactor.

For runs using UV/HO, system at different pH values, dif-
ferent amounts of hydrogen peroxide were injected into the

2. Experimental reactor before the initiating of each run. For runs using the
Photo-Fenton process, the pH value of the solution was first
2.1. Reagents adjusted to 3 by the addition of 330, solution, and then

a given weight of iron salt was added. The iron salt and
Characterization of bakery’s yeast wastewater used in thewastewater were mixed very well before the addition of a
study is listed inTable 1 given volume of hydrogen peroxide. The time at which the
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Cooling Water DC 190 model TOC analyzer. pH was measured by using a
inlet outlet NEL pH 890 pH meter.
11
E B

2.4. Box—Wilson experimental design

- N . L. . .
Chermical Dosage ﬂﬁismuﬁon Inlet The Box—Wilson _stat|st|cal experimental _deS|gn. was
employed to determine the effects of operating variables
UV Lamp on color removal efficiency and to find the combination of
variables resulting in maximum color removal efficiency.
a The Box—Wilson design is a response surface methodology,
uartz Tube X i . . X
Thermometer which is an empirical modeling technique, devoted to the
- Cooling jacket evaluation of the relationship of a set of controlled experimen-
“«\_ tal factors and observed results. Basically this optimization
o [ © process involves three major steps: performing the statisti-
cally designed experiments, estimating the coefficients in a
Magnetic Stirrer mathematical model, and predicting the response and check-

ing the adequacy of the model.

For UV/H,O process, the significant variables like pH,
H,O, concentration, and reaction time were chosen as the
independent variables and designatelas(s, respectively.
ultraviolet lamp was turned on was considered as time zeropH (X) varied between 3 and 11, whileB, concentration
or the beginning of the experiment, which was taking place (X») was ranged from 5 to 100 mM, and the reaction time
simultaneously with the addition of hydrogen peroxide. The (X3) was ranged from 10 to 150 min.
temperature of the solution was kept constant a+-25C For Photo-Fenton process, the significant variables like
throughout all experiments. ferrous concentration, #D, concentration, and reaction time

Each run in this study was performed two times and each were chosen as the independent variables and designated as
sample was analyzed twice to confirm the results. In the X1—X3, respectively. The ferrous concentratiot X varied
case of an error higher than 5%, a third run was also con- between 1 and 5 mM, while 40, concentrationX>) varied
ducted to fit at least two values. The average values derivedbetween 5 and 100 mM. The reaction timig) was ranged
from the repeated experiments were used in this study, thefrom 10 to 150 min.
results of which were within 5% of each other. Sampleswere  The experimental conditions determined by the Box—
taken at predetermined reaction times to measure absorbanca)ilson statistical design method for the both processes are
TOC, and pH. The samples were analyzed immediately to presented ifable 2 The experiments consist of six axidl)(
avoid further reaction. Color measurements were executed atkight factorial ¢), and central points(). The central point
366 nm. Absorbance of effluent was evaluated for calculating was repeated four times resulting in 18 experiments in total.
color removal efficiency. A spectrophotometer of Novaspec Computation was carried out using multiple regression analy-
Il (Pharmacia Biotech.) was used to measure the absorbancesis that uses the least squares method. The following response
TOC measurements were carried out using a DOHRMAN function was utilized in the correlating of the color removal

Fig. 1. Shematic diagram of the laboratary scale photochemical instal-
lation.

Table 2
Experimental conditions according to a Box—Wilson statistical design for Q@and UV/H,O/Fe(ll) processes
Experimental no. UV/HO, UV/H,0,/Fe(ll)

pH t (min) H20, (mM) t (min) Hz0, (MM) Fe(ll) (mM)
Al 11 80 525 150 52.5 3
A2 3 80 525 10 525 3
A3 7 150 52.5 80 100 3
A4 7 10 52,5 80 5 3
A5 7 80 100 80 52.5 5
A6 7 80 5 80 52.5 1
F1 4.7 119.5 80 39.5 80 4.16
F2 9.3 39.5 80 119.5 80 1.84
F3 9.3 119.5 25 119.5 25 4.16
F4 9.3 39.5 25 119.5 25 1.84
F5 4.7 39.5 80 39.5 80 1.84
F6 4.7 119.5 25 39.5 25 4.16
F7 9.3 119.5 80 119.5 80 4.16
F8 4.7 39.5 25 39.5 25 1.84

C 7 80 52.5 7 80 52.5
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efficiency () with other independent parameteks{X3). A Table 4 _
SCIENTIST computer program was employed for the deter- Coefficients of the response function

mination of the coefficients of Eql) by regression analysis  Coefficients Values
of the experimental data: UV/H,0, UV/H0/Fe(ll)
B 0.972635 0.9
Y=0»> b1 X bo X b3 X b12X1X b13X1X 0
0 + 01 X1+ 02X2 + b3X3 4 b12X1X2 + b13X1X3 B, _0.17069 0.00075
+ bp3Xo X3+ b11X3 + b2 X3 + b33X§ (1) B2 —0.001486 0.0021
Ba —0.00889 —0.195
whereY is the predicted yield, the constank;—b3 the linear B12 0.000427 —0.00001
coefficients p12, b13, andb,3 the cross product coefficients, 213 8'883836 8'88288
. . . 23 . .
andb11, b22, andbzz are the quadratic coefficients. By 0.004057 —0.00001
B2o —0.00003 —0.00005
Bas —0.00003 0.0048

3. Results and discussion

TOC and color removal efficiencies obtained from the yemoyal efficiencies. The effects of the operating variables

experiments that consisted of six axia) (eight factorial ), on the color removal performance of the system were deter-

and central points are summarizediable 3 The observed  mined by the obtaining projections of the response functions
color removal efficiencies were compared with the predicted op, certain planes of the known parameter values.

ones obtained from the response function.
The observed color removal efficiencies varied between 3.1. UV/H»0; process
6% and 41%, 20% and 82% for UV#D, and

UV/H,0,/Fe(ll) processes, respectively. In terms of TOC,  ~hemical oxidation using ultraviolet radiation in the pres-

the removal efficiencies ranged from 3% to 27% for once ofhydrogen peroxide is avery promising technique. The

UV/H20; process, while the efficiencies ranged from 38% «oH radicals produced through UV#B, system as shown

to 70% for UV/H,Oz/Fe(ll) process. _ in the reaction(i) are highly powerful oxidizing species.
Experimental results were evaluated using a SCIENTIST  roxy radicals can oxidize organic compounds (RH) pro-

regression analysis program to determine the coefficients Ofducing organic radicals (R, which are highly reactive and

the response function (Eg. (1)). The calculated coefficients .on pe further oxidized:

given in Table 4were used for the calculating of predicted

values of color removal efficiencies. The correlation coeffi- H202 + Av — 2°OH 0]

cients ®2) between the observed and predicted values were

0.980 and 0.985 for UV/BD, and UV/IHO./Fe(ll) pro- 3.1.1. Effect of initial pH

cesses, respectively. These results indicated excellent agree- Inordertodetermine the effect of pH on color removal effi-

ments between the observed and predicted values of colorciency at a HO» concentration of 5mM, some experiments

Table 3
Observed and predicted color removal efficiency with TOC removal efficiencies
No. Observed color removal efficiency (%) Predicted color removal efficiency (%) TOC removal efficiency (%)
UV/H20; UV/H20,/Fe(ll) UV/H20, UV/H20,/Fe(ll) UV/H20, UV/H20z/Fe(ll)
Al 39 41 385 44.6 3 58
A2 30 52 28 52.13 11 52
A3 13 55 11.1 55.7 27 70
A4 13 41 125 44.1 13 47
A5 26 20 24.5 23 22 63
A6 17 82 15.8 82.8 15 47
F1 6 40 6.6 40.25 22 48
F2 35 67 34.4 66.7 4 65
F3 14 31 14 28.7 3 55
F4 7 67 8.2 63.9 22 58
F5 12 75 13.9 74.4 8 49
F6 20 32 225 29.5 16 55
F7 41 37 42.9 34 5 65
F8 26 66 26.8 66.2 6 38
C1 28 50 26.8 51.01 3 45
C2 26 50 26.8 51.01 3 45
C3 28 50 26.8 51.01 3 45
c4 26 50 26.8 51.01 3 45
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pH value (HO, =5 mM).
Fig. 3. Variation of decolorization efficiency with time as a function of initial

were executedrig. 2 depicts the variation of color removal H202 concentration (pH 3).
efficiency with the irradiation time at constant®, concen-
tration of 5mM (optimum concentration); but, at different pH
values. Maximum removal efficiency was obtained as 54.5% . - . . .
in 50 min at pH 3. However, high reaction times above 50 min clency, W't.hm the .150 min of irradiation at pH 3,28, .
caused lower efficiencies, probably because of intermediatesc.oncer.'tr.atlon was !ncreased from 5 to 0100 mM, glecolorlza-
production. The color removal efficiency decreased at neutral tion efficiency also increased from 35.1% to 72.2%.
and basic pH value. Data for pH 11 were not giveifrig. 2,
because, the color removal was not observed at pH 11. Thi
observed decrease was probably due to the fast decomposi-
tion of hydroxyl radicals and hydrogen peroxide at high pH
[11].

For the mineralization of bakery’s yeast wastewater via
ultraviolet radiation with hydrogen peroxide process, opti-
mum pH value was found as 3.

Evaluation of the results by means of mineralization effi-

83.2. UV/H,03/Fe(1l) (Photo-Fenton process)

Recently, the Photo-Fenton reaction has been investigated
as another photo-oxidative meth@t]. The efficiency of

the Photo-Fenton system is based on the hydroxyl radical
generation by a mixture of #D, and Fe(ll) ions (Fenton
reaction) as shown in reactidgii):

Fet + Hy0; — FEt + OH™ + *OH (ii)
3.1.2. Effect of initial H>O> concentration _ _ _ ) N
While it was possible to achieve 54.5% removalin 50min  Beside this, another reaction producing additional
at a hydrogen peroxide concentration of 5 miiy, 2) at pH hydroxyl r_adlcgls :_:md regenerating Fe(II)_lons takes place
3, color removal in 50 min at a hydrogen peroxide concen- under the illumination (Photo-Fenton reaction) (reaction iii):

tration of lQO'mM at pH 3 was not observed. The dgcrease in g3+ 1 H20 + hv — Fe(ll) + H + *OH (iii)
removal efficiency at high oxidant concentrations is thought
to be due to the side reactions taking place betweehdie The reaction time needed for the Photo-Fenton process is

radicals and the exces6,. In addition to this, high reac-  extremely low and depends on the operating pH value and
tion times above 50 min caused lower efficiencies, probably the concentrations of #D, and iron added.

because of production of intermediates. However, at pH 11,  Although 55% color removal of bakery's yeast industry
72% color removal in 110 min at an oxidant concentration of was possible to achieve with UV#@, process at low hydro-
100 mM was also possible. This means the maximum color gen peroxide concentrations, the time required for the com-
removal was possible at a hydrogen peroxide concentrationplete disappearance of color was quite long (50 or 110 min
of 100 mM after 110 min at a high pH value; but, there was according to applied pH value). Besides, the maximum min-
still residual hydrogen peroxide in the solution. Although eralization efficiency was only around 35%. Therefore, in
obtained color removal efficiency at low pH, lowp8, con- order to shorten the required irradiation time and enhance
centration, and short reaction time is smaller than one at highthe degradation and mineralization efficiency, a number of
pH, high O, concentration, and long reaction time, this experiments designed by Box—Wilson method, were carried
gives the engineer the opportunity to make a cost evalua-outwith UV/H20, process in the combination with Fe(ll) cat-
tion of the system. One can design a small volume reactoralyst, namely the Photo-Fenton process. All runs were carried
(short reaction period), which means low investment costs. out at an initial pH of 3.

In addition to this, this reactor uses fewer chemicals and

decreases the operational costs. Depending on the data that2.1. Effect of initial Fe(Il) concentration

can be obtained from the response function; an optimization  Fig. 4 depicts the variation of color removal efficiency
can be made for the system to be cost-effecthig.(3). with irradiation time at constant 40, concentration of
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100 mM while, ferrous concentrations varied between 1 and
5mM. Decolorization rate with this process was higher
than UV/H,O; process. Maximum color removal efficiency
(96.4%) was achieved within the first 10 min of irradiation at
an initial HoOo concentration of 100 mM and Fe(Il) concen-
tration of 1 mM.

However, increasing the initial ferrous ion concentration
enhanced the oxidation up to a certain point at which ferrous
ion started to inhibit the color removal efficiency, and thus,
after reaching the maximum efficiency that can be achieved
at a certain Fe(ll) concentration and irradiation time, the
decreasing trend of predicted efficiency increased with the
increasing of Fe(ll) concentration. At Fe(ll) concentrations

higher than 1 mM, treatment efficiency was decreased as

shown inFig. 4.

Evaluation of the results by means of mineralization effi-
ciency, within the 150 min of irradiation at B, concentra-
tion of 100 mM, Fe(ll) concentration was increased from 1 to
5mM, mineralization efficiency also decreased from 47.5%
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3.2.3. Effect of irradiation time
Maximum decolorization efficiencies were achieved
within the first 10 min of irradiation at different 4D, and

to 8.02%. It seemed that at a Fe(ll) concentration higher than Fe(ll) concentrations. The fast degradation in the 10 min was

the optimum one, the initial formation rate of hydroxyl radi-
cals originated mainly from the decomposition of® was

so high that many of the hydroxyl radicals were consumed
by the side reactions before they could be utilized effectively
for the treatment of bakery’s yeast wastewater.

3.2.2. Effect of initial H>O, concentration

In the Photo-Fenton process, within the first 10 min of
irradiation at a Fe(ll) concentration of 1 mMpB, concen-
tration was increased from 5 to 100 mM, and decolorization
efficiency also increased from 76.4% to 96.4%g. 5depicts
the variations of the decolorization efficiency with the irradi-
ation time at constant Fe(ll) concentration of 1 mM; however,
different HLO, concentrations varied between 5 and 100 mM.
The increasing trend of the predicted efficiency amplified
with the increasing of BO, concentration as observed in
Fig. 5.

When HO, concentration was increased from 5 to
100 mM, mineralization efficiency decreased from 64.7% to
47.5% within the 150 min of irradiation at a Fe(ll) concen-
tration of 1 mM.

the most probably due to the attack@fH radicals produced
via reaction(iii) . However, a decrease in predicted efficiency
increased with the increasing Fe(ll) concentration at irradia-
tion time of 10 min and pH 3, was observed frdéiig. 6.

Fig. 6 depicts the variations of the decolorization effi-
ciency with Fe(ll) concentrations at constant irradiation time
of 10 min and the KO, concentrations varied between 5 and
100 mM.

4. Conclusion

The most important factors affecting the performance
of UV/H20, and UV/HO2/Fe(ll) processes are the hydro-
gen peroxide and ferrous concentration, which are added
to wastewater. In order to determine the effects of oxidant
dosage, reaction time, and pH in advanced oxidation pro-
cesses, a Box—Wilson statistical experimental design was
used by considering the pH, oxidant, reaction time as inde-
pendent. The objective functions were the color and TOC
removal efficiencies.
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