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Further polishing of effluent (pharmaceutical wastewater) from an aerobic reactor using different types of advanced oxidation
processes (AOPs) were presented and discussed. Four types of processes were evaluated, i.e. ozonation (O,), hydrogen peroxide
(H,0,), ultraviolet (UV) and Fenton reagent, and acombination of these AOPs (O,/UV, H,0,/UV,O,/H,0, andO,/H,0,/UV) for
organic compound (as chemical oxygen demand, COD) remova have also been studied. The additional treatment of the activated
sludge reactor effluent contributed substantially to overall COD removal of the pharmaceutical wastewater. Among the AOPs
used in this study, O,/H,0,/UV dternative resulted in the highest COD removal (59%) from the activated sludge effluent. In
specific, around 450 mg.L* of COD had been removedinthe O, /H,O,/UV processgiving afinal COD of 300 mg.L* in thetreated
effluent. Other processes (Fenton, O,, O,/UV,0,/H,0, and H,0,/UV) showed nearly constant maximum removal of 38 —43%.
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Introduction

With the aim to reach better process stability and
performance efficiency, some research has focused on
a combination of aerobic and advanced oxidation
processes (AOPs). Combined aerobic and AOP
processes are a viable alternative for the treatment of
xenobiotic compounds that are difficult to treat by
traditional process. Generally, AOPs are defined as
aqueous phase oxidation processes which are based
primarily on the intermediacy of the hydroxyl radical in
the mechanism resulting in the destruction of the target
pollutant or xenobiotic compound™ 2. AOPs have been
gpplied to refractory organic pollutants and xenobiotics
foundinindustriad wastewater to improve biodegradability
and also increase treatment efficiency®. An extensive
review of advanced oxidation processes as primary and
secondary treatment methods can be found in Parsons®.

There are four AOPs that are being used widely in
industrial wastewater treatment, e.g. ozone (O,),
hydrogen peroxide (H,0,), ultraviolet (UV) and Fenton’s
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reagent. In many cases the AOPs were combined for
better treatment efficiency. For example, in Q,/H,0O,
process, hydroxyl radicals are generated by a radical-
chain mechanism by interaction between the ozone and
the hydrogen peroxide. The efficiency of this process
can be improved by adding UV radiation. In Q/UV
process, ozoneisfed into aUV photo reactor and in the
presence of water; UV-sensitized ozone decomposition
yields OH- radicals that oxidize organic compounds.
Moreover, the combination of O,/ H,O,/UV processis
a very powerful method which allows the fast and
complete mineralization of pollutants. It is considered to
be the most effective treatment for highly polluted
effluents. However, in Fenton’s reagent, which is an
aternativeto AOPs, it does not utilize ozone or UV light.
Instead ferrous ion complex and hydrogen peroxide is
added in to an aqueous system forming a catalytic
oxidation process.

Numerous researchers have evaluated on the
treatment of refractory compoundsby different AOPs™.
However, few studiesreported in the literature deglt with
pharmaceutical effluents™*2. It should be mentioned here
is that in our previous study®®, we have demonstrated
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Table 1 - Characteristics of pharmaceutical effluent

Parameter Average concentration (mg/L)
COD 825
TOC 790
Sulphate 850
Phosphate 300
SS 90
pH 7.8

the treatment of real pharmaceutical wastewater in an
anaerobic process. Given that influent COD to the
anaerobic reactor is very high (average 7500 mg.L 1),
effluent from the reactor still contains residua COD.
Consequently, direct discharge of effluent from anaerobic
reactor isnot permitted, and post-treatment of anaerobic
process effluent with an aerobic reactor was performed.
However, due to the nature of the pharmaceutical
wastewater, a fraction of the wastewater was found to
be non-biodegradabl e during the aerobic treatment. \WWong
et al** stated that complete removal of substrate cannot
be expected dueto the presence of therefractory materia
that could not be destroyed aerobically. Consequently,
the effluent (pharmaceutical wastewater) from an
activated sludge reactor was subjected to additional
treatment by a range of AOPs and the results are
presented and discussed. Four types of AOPs were
evauated, i.e. ozonation (O,), hydrogen peroxide (H,0,),
ultraviolet (UV) and Fenton reagent, and a combination
of these AOPs (O,/UV, H,0,/UV, Q,/H,0,and O,/
H,O,/UV) for COD removal were also studied.

Materials and Methods
Pharmaceutical Effluent

The pharmaceutical effluent used in the present study
was taken from an activated sludge reactor and the
characterigtics are given in Table 1.

Ozonation (O,)

The Ozone used in this study was generated by
passing compressed oxygen through a Wallace and
Tiernan Laboratory Ozonator (Type BA 023, Wdlace
and Tiernan Ltd, Tonbridge, UK). Initidly, the ozonation
rate was calibrated by passing oxygen at flow rates of
30, 60, 100 and 150 L.h*, for periods of 5 - 10 minutes,
at an dectrica potentia of 200 volts, to determine the
ideal ozone generation conditions for effluent treatment.
The output of ozone gas was determined through two
serial Kl (Potassium lodide) traps (trap A and B) for
about 10 minutes. Each gas trap was a 250 ml Dreschel

bottle containing a known volume (200 ml) of 2% KI.
Contents of each trap were poured into a beaker and 10
ml of 2N H,SO, was added. This is then followed by
titration with standardized 0.05N Na,S,O, until theyellow
iodine color almost disappeared, then 1 — 2 ml starch
indicator solution were added before continuing the
titration to the disappearance of blue color. Ozone dose
efficiency (output) was calculated by the Semi Batch
method!®. The oxygen flow was set at 1 L.min at 200
V and ozone was passed for 5 minutes through two gas
washing bottles each of which contains 200 ml of 2%
KI. About 128 ml titration was used for trap A and 2 ml
for trap B (total 130 ml).

Ultraviolet (UV)

In this study, a recirculated photo reactor was used
for the removal of COD from the effluent of aerobic
reactor. The photo reactor system consists of reactor
chamber, wastewater sampletank and stirrer. Thesingle
UV lamp of 6 wattslocated centrally in the single reactor
hed a light wavelength of 254 nm primarily. Sample in
the feed tank (1.0 L) was pumped through using a
peristaltic pump (Watson Marlow 100 series) at
circulation speed of 37 ml.min* (20 rpm) for 180 minutes
with active contact volume of 30 ml.

Hydrogen Peroxide (H,0,) and Fenton Reagent

Hydrogen peroxide (Aldrich, 30% stabilized) and
FeSO, -7H,0 (Baker) were ACSreagent grade and were
used as received. The samples were withdrawn at
regular time intervals and were filtered with Millipore
membrane (2.5 nm) before analysis. Temperature was
maintained at 20 °C in the reactor, which was mixed
continuoudly by a Teflon-coated stirrer at the highest
speed (200 rpm) using a Fisher magnetic stirrer for both
oxidation methods.

COD M easurement

The measurement of COD was based on the
Standard Closed Reflux Method using HACH COD
reactor described in Standard Methods?*®. At the
beginning, the HACH COD reflux reactor (QBT2, Grant)
was preheated until the temperature reached 150°C.
Sample of 2 ml were added to a HACH reflux tube and
followed by 2 ml of digestion solution (0.075 N of
potassium dichromate solution containing mercuric
sulphate). Then 3.5 ml of concentrated sulphuric acid
containing 8.8 g.L* of silver sulphate were added. The
tubesweretightly seaed and inverted threetimesto mix
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properly. The mixtures were then refluxed in the HACH
COD reactar & 1599C for 2 hours. After cooling, contents
inatubewastransferred to a100 ml conical flask before
being titrated with the fresh 0.025 N ferrous ammonium
sulphate (FAS) using ferroin astheindicator. Each sample
was done in duplicate and at least two blanks, using
distilled water, were prepared per each batch of samples
by being treated the same way as the sample.

Results and Discussions
Preliminary Investigations

Effluent (pharmaceutical wastewater) from the
activated dudge reactor which had atypical COD vaue
of 825 mg.L! was treated using various AOPs. During
this preliminary phase, the pH of the effluent from the
activated sludge process was not adjusted and therefore,
experiments with AOPs were conducted at the effluent
pH of 7.8. COD remova efficiency (maximum COD
remova) of individua treatments (O,, H,0,, UV and
Fenton) was around 9 - 15% and for the combination
AOP processes (O,/UV, H0,/0O,, H,0,/UV, Fentor/
UV and H,0,/O,/UV) wasin the range of 11 - 40%. It
was concluded that treatment of the activated dudge
reactor effluent at pH 7.8 was not satisfactory, and
further investigation should be carried out to improve
the COD removal efficiency. Balcioglu and Otker'®
reported that pH adjustment is essential for the treatment
of pharmaceutical wastewater containing antibiotics by
AOPsfor efficient remova of COD. Consequently, the
effect of pH was incorporated into subsequent studies.

Fenton Process

Initial investigationsinto the effect of pH onthe COD
removal by the Fenton’'s process were carried out. The
experiment investigated pH between 2 and 7. FeSO,
provided Fe?* ion needed for Fenton’ s reagent. Optimum
pH that resulted in the highest COD remova was
determined by initialy running the reactor under varying
pH but constant H,O, and FeSO,,, and showed that pH
of 5 was optimal. After pH optimization, the reactors
were first run with constant FeSO,, but variable H, O, at
pH of 5. Subsequently, the same operations were
repeated for constant H, O, but variable FeSO, at pH of
5. The results showed that the optimum conditions as
follows, pH = 5, H,0, = 500 mg.L™" and FeSO, = 600
mg.L* for the effluent from the activated s udge reactor,
and these additions resulted in 40% COD removal
efficiency for the Fenton process. It iswell reported that
pH 3to 4 isoptimum for Fenton process, and interestingly
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Fig. 13 Effect of pH on the COD removal from the activated
sludge reactor effluent during ozonation. Experimental conditions;
initial soluble COD = 815 mg.L, applied ozone dose = 1.87 g.L*

h, T = 20°C.

the current results showed that pH 5 was most favorable.
Kang et al*’ reported that it is most beneficial to carry
out the Fenton process in an acidic environment at a pH
rangefrom 3.5to 5. However, there are caseswhen this
rangeisdifferent, eg. 5—6 or 2—4'%. Inaddition, there
ared so reportson effectiveness of Fenton processdightly
at higher pH, e.g. pH 5. Mahmud et al*® reported that
pH 5 was optimum during the investigation of leacahte
treatment using Fenton process. In addition, they aso
demonstrated that using Fenton process having 1000
mg.L*of H,0, and 1250 mg.L* of Fe 2*, [H,O,/Fe**
ratio is 0.8], around 68% COD remova could be
achieved. In our present study the H,0O,/Fe** ratio was
0.83, confirms that at lower ratio substantial COD
removal can be achieved. This could be dueto biological
treatment followed by Fenton process. Pretreatment by
extended aeration process may have affected the Fenton
oxidation where lower HO,/Fe** ratio favored and
maximizing the remova of organic compounds.

Ozonation

Since ozone itself is a strong oxidizing agent and
effective at high pH values®® 2!, further experimentswere
carried out to study the COD removal efficiency at
elevated pH values. Ozonation experiments were
performed for 120 minutes at four different initiad pH
values, i.e. a pH 2.5, 7, 10 and pH 12. During al
experiments, the pH decreased considerably as a
consequence of acid product formation. Figure 1 depicts
the effect of various pH values on the effect of COD
remova by ozonation. COD removal efficiency varied
from 5% up to 41% during ozonation. Alkaline conditions
showed better removal efficiency and the highest COD
remova was observed at pH of 12 for an ozone dose
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Fig. 2% Effect of pH on the COD removal from the activated
sludge reactor effluent during O,/UV process. Experimental
conditions; initial soluble COD = 815 mg.L—?, applied ozone dose
=1.87gL*h, T=20°C.

rate of 1.87 g.L'* h. Moreover, the COD removal
increased with increasing pH due to accelerated ozone
decomposition to free radicals which is particularly
pronounced at pH3 11.072. In general, ozonereactswith
organic compounds in wastewater by two different
mechanisms; the direct mechanism, because of the
reaction between the ozone and the dissolved compounds,
and the radica mechanism owing to the reactions between
the generated radicals produced in the ozone
decomposition and the dissolved compounds. Moreover,
molecular ozone is the major oxidant at acidic pH,
whereas less selective and faster free-radical oxidation
becomes dominant at pH > 7, as a result of OH-
accel erated ozone decomposition?®. Consequently, inthis
study the degradation of the organic compounds in the
sample mainly proceeded by radical mechanism, when
direct oxidation by ozone was the dominant reaction
mechanism (e.g. at acidic pH - 2.5), only 5% COD
removal wasfound (Figure 1) compared to pH 12, where
an average of 41% COD removal was observed when
radical mechanism predominates. It can be concluded
that the COD removal method of ozonation seemed to
change and was more efficient at elevated pH values,
especialy when the pH was above 10. There was no
significant increase in process efficiency after 120
minutes of reaction time, which resulted in a41% COD
removal.

0,/UV and H,0,/UV

Theeffects of varying pH between 2.5 and 12 were
assessed in thefirst place for the UV experiments. The
same sample that had been used in the ozonation
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Fig. 3% Effect of pH on the COD removal from the activated
sludge reactor effluent during H,0,/UV process. Experimental
conditions; initial soluble COD = 815 mg.L*, H,0,=200 mg.L*,

T = 20°C.
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Fig. 4% Effect of H,O, on COD removal from the activated sludge
reactor effluent during H,O,/UV process. Experimental
conditions; initial soluble COD = 815 mg.L?, pH=2.5,

T = 20°C.

experiment above was utilized into O,/UV experiment.
Figure 2 shows the effect of pH on the COD removal
during O,/UV process and the highest COD removal
efficiency was 43% at pH = 12. For the H,O,/UV
process, the effect of pH was determined by maintaining
the H,O, concentration at 200 mg.L"* and Figure 3 shows
the highest COD removal was 38% at pH = 2.5.
Following the determination of the best pH in terms of
best COD removal, the UV experiments with hydrogen
peroxide were repeated under the best pH with varying
hydrogen peroxide concentrations in order to determine
the best hydrogen peroxide concentration. Figure 4 shows
that the best hydrogen peroxide concentration was 300
mg.L* and at this concentration, 42% of COD was
removed after 90 minutes.
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Fig. 6% Effect of H,0O, dosages on the COD removal from the
activated sludge reactor effluent during O,/H,0,/UV process.
Experimental conditions; initial soluble COD =815 mg.L?,
applied ozonedose=1.87 g.L* h, pH = 2.5, T = 20°C.

Table 2%, Results of studied alternatives in terms of COD removal.

Process COD H,O, FeSO, 0, pH
Removal (%) (mg.L?) (mgL?') (gL*h)

Fenton 40 500 600 - 5
O, 41 - - 1.87 12
O, /uv 43 - 1.87 12
O,H.0, 42 500 - 1.87 12
H,O,/UV 38 300 - - 25
O,/MH,0,/uvV 59 400 - 1.87 25
O,H,0, 0O,/MH,0,/UV

Combining ozone with hydrogen peroxideto enhance
oxidizing ability has been extensively researched recently
and is considered to be a promising alternative for
refractory organics remova from agueous solutions®* 2,
It was shown that the conjugate base of H,O, a low
concentrations could initiate the decomposition of ozone
much more rapidly into hydroxyl radicals than with the
hydroxide ion?®. Therefore, ozonation of the aerobic
effluent was performed in the presence of H,O, up to
600 mg.L1. The COD removal percentages obtained is
presented in Figure 5 asafunction of H, O, concentration.
Final COD removal values were obtained as 25%, 24%,
31%, 35%, 42% and 39% for initia concentrations of
100, 200, 300, 400, 500 and 600 mg.L* H,O,,
respectively. However, a H,O, concentrations of 600
mg.Lt, COD removal rates began to decrease revealing
that inhibition of COD remova may have occurred when
H,O, was applied in excess. This optimum or critical
value (600 mg.L?) has also been found by other
researchers working on treatment of Penicillin
formulation effluent?’.

Initidly the effects of varying pH between 2.5 and
12 were assessed for the UV experiments similar to
those conducted for the O,/UV and H,O,/UV processes
above to determine the best pH. After identifying the
best pH, the UV experiment was carried out with various
hydrogen peroxide concentrations in order to determine
the best hydrogen peroxide concentrations. From the pH
experimental study, Q/H,0,/UV processes require
acidic conditions (pH= 2.5) for optimum COD removal.
Figure 6 shows the effect of H,O, on COD removal
during O,/H,0,/UV process and indicates that a H,O,
concentration of 400 mg.L* achieved the highest COD
reduction of 59%.

From the above results, it can be concluded that the
combination of O,/H,0,/UV process gives highest COD
removal. A comparison of various AOPs has been
presented in Table 2. One important observation is that
not much COD remova was achieved during the O,/
H,O,/UV process, probably due to nature of
pharmaceutical effluent from the aerobic reactor. A
fraction of the wastewater is non-biodegradable under
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aerobic condition and complete removal of substrate
cannot be expected dueto the presence of therefractory
material that could not be destroyed in the AOPs. In
generd, it is expected that higher COD remova could
be achieved using UV/O,/H, O, process. Thisis probably
true that many organic molecules absorb UV energy and
degrade to smaller molecules due to direct photolysis or
excited and oxidize easily in the presence of chemical
oxidants. Also, the decomposition of O, and H,0, is
accelerated in the presence of UV radiation. Conversdly,
themineralizationisvery effectivewhen UV and O, are
gpplied smultaneoudy.

Conclusions

Additional treatment of an activated dudge reactor
effluent by different AOPsalso contributed substantially
to overall COD removal of the pharmaceutical
wastewater. Among the AOP processes used in thisstudy,
the combination process (O,/H,0,/UV) resulted in the
highest COD removal (59%) from the activated sludge
effluent. Specificaly, around 400 mg.L* of COD was
removed inthe O,/H,0,/UV processgiving afind COD
of 300 mg.L? in the treated effluent. Other AOPs
(Fenton, O,, O,/UV, O,/H,0, and H,0,/UV) showed
38 — 43% COD removal.

It is obvioudy true that a combination of AOPs are
relatively expensive compared to a single process. In
addition, AOP equipmentsitsalf requires significant capital
and maintenance investment that shouldn’t be overlooked
when evauating the cost-effectiveness of the options.
In general, single process aone (e.g. ozone) could not
achieve the desired target to reduce recalcitrant
contaminants and also involves high cost of ozone
generation. The combination of O3/H,O,/UV is used
essentidly for the contaminantswhich oxidation isdifficult
and consumes large amounts of oxidant and makes the
process economically feasible. In addition, nowadaysthe
operational cost of AOPs is reduced substantially by
generating electricity requirement for some processes
viarenewable energy methods and harnessing magnified
equatorial sunlight as a UV donor in certain photo
catalytic AOP processes.
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