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a  b  s  t  r  a  c  t

The  study  examined  combined  photo-Fenton–SBR  treatment  of  an  antibiotic  wastewater  containing
amoxicillin  and  cloxacillin.  Optimum  H2O2/COD  and  H2O2/Fe2+ molar  ratio  of  the  photo-Fenton  pretreat-
ment  were  observed  to  be  2.5 and  20,  respectively.  Complete  degradation  of the  antibiotics  occurred  in one
min. The  sequencing  batch  reactor  (SBR)  was  operated  at  different  hydraulic  retention  times  (HRTs)  with
the wastewater  treated  under  different  photo-Fenton  operating  conditions  (H2O2/COD  and  H2O2/Fe2+
eywords:
ntibiotic wastewater
moxicillin
loxacillin
hoto-Fenton–SBR

molar  ratio).  The  SBR  performance  was  found  to be  very  sensitive  to  BOD5/COD  ratio  of  the  photo-Fenton
treated  wastewater.  Statistical  analysis  of  the  results  indicated  that  it was  possible  to reduce  the  Fe2+ dose
and  increase  the  irradiation  time  of the  photo-Fenton  pretreatment.  The  best  operating  conditions  of  the
combined  photo-Fenton–SBR  treatment  were  observed  to be  H2O2/COD  molar  ratio  2,  H2O2/Fe2+ molar
ratio  150,  irradiation  time  90 min  and  HRT  of  12  h.  Under  the  best  operating  conditions,  89%  removal  of
sCOD  with  complete  nitrification  was  achieved  and  the  SBR  effluent  met  the  discharge  standards.
. Introduction

Among all the pharmaceutical drugs that contaminate the envi-
onment, antibiotics occupy an important place due to their high
onsumption rates in both veterinary and human medicine. Prob-
em that may  be created by the presence of antibiotics at low
oncentration in the environment is the development of antibiotic
esistant bacteria [1].  In recent years, incidence of antibiotic resis-
ant bacteria has increased and it is believed that the increase is due
o the use of antibiotics [2]. Furthermore, presence of antibiotics in
astewaters has increased in the past years and their abatement is

 challenge.
Advanced oxidation processes (AOPs) are effective in the degra-

ation of most pollutants in wastewater [3],  and the photo-Fenton
rocess has proved to be highly effective [4].  Oxidation with Fen-
on’s reagent is based on ferrous ion, hydrogen peroxide and
ydroxyl radical produced by the catalytic decomposition of H2O2

n acidic solution [5].  In the photo-Fenton process, additional reac-
ions occur in the presence of light that produce hydroxyl radicals or
ncrease the production rate of hydroxyl radicals [4],  thus increase
he efficiency of the process.
Coupling AOP with biological process has received attention
n recent years as a promising alternative treatment of recalci-
rant wastewater. Using AOP pretreatment is important to improve

∗ Corresponding author. Tel.: +20 11 3301 981.
E-mail addresses: em civil@yahoo.com, emadsoliman3@gmail.com,

madelmolla@azhar.edu.eg (E.S. Elmolla).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.057
© 2011 Elsevier B.V. All rights reserved.

the biodegradability and produce an effluent that can be treated
biologically [6].  However, some practical aspects should be consid-
ered for combined AOP and biological process. Chemical oxidant
and bioculture cannot be mixed because the oxidant can cause
damaging effects on the microorganisms. Adjustment of pH to
approximately 7 before the biological process is necessary because
of generation of acid species in the oxidation process and the
required acid pH condition of some AOPs. Also, the required chem-
ical dosage and how long the reaction should be continued for the
effluent to be biodegradable must be known [7].  Assessment of
the biodegradability and toxicity during the oxidation process is
necessary to determine an optimum pretreatment time that guar-
antees the success of the combined process. Methods for measuring
biodegradability have been proposed by a number of authors,
and BOD5 value and BOD5/COD ratio are commonly used [8,9].
Other biodegradability measures such as by-product identifica-
tion, oxygen uptake and toxicity measurement have also been used
[7,10].

Sequencing batch reactor (SBR) is a wastewater treatment pro-
cess based on the principles of the activated sludge process. SBR
has been successfully employed in the treatment of both munici-
pal and industrial wastewater [11]. Combined photo-Fenton–SBR
process has been reported to be effective in treatment of recalci-
trant wastewater such as Cibacron Red FN-R and Procion Red H-E7B
dyes [12,13], Diuron and Linuron herbicides [14], Laition, Meta-

systox, Sevnol and Ultracid pesticides [15] and sulfamethoxazole
antibiotic aqueous solution [16]. In our previous work, degradation
of antibiotics using Fenton [17], photo-Fenton [18,19], TiO2 photo-
catalysis [20] and ZnO photocatalysis [21] was studied. In addition,

dx.doi.org/10.1016/j.jhazmat.2011.06.057
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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total suspended solids (TSS) and volatile suspended solids (VSS)
was  carried out according to the Standard Methods [25].

Table 1
Antibiotic wastewater characteristics.

Parameter Value Parameter Value

Amoxicillin (mg/L) 138 ± 5 TP (mg/L) 7.5
Cloxacillin (mg/L) 84 ± 4 NO3

−–N (mg/L) 5.1
COD (mg/L) 670 ± 20 NH3–N (mg/L) 11.1
sCOD (mg/L) 575 ± 20 SO 2− (mg/L) 0.7
Fig. 1. Schematic of combi

echnical and economic comparisons among different AOPs as well
s simulation of the Fenton process for treatment of an antibiotic
queous solution were made [22,23]. Recently, limited feasibility of
sing combined UV/H2O2/TiO2–SBR process for antibiotic wastew-
ter treatment has been reported [24].

First part of this study examined the effect of operating con-
itions (H2O2/COD molar ratio and H2O2/Fe2+ molar ratio) of the
hoto-Fenton pretreatment of an antibiotic wastewater containing
moxicillin and cloxacillin. Second part of the study examined com-
ined photo-Fenton–SBR treatment of the antibiotic wastewater.
ffects of photo-Fenton treated wastewater characteristics under
ifferent photo-Fenton operating conditions and SBR hydraulic
etention time (HRT) on SBR and combined process efficiency were
lso evaluated.

. Materials and methods

.1. Antibiotics and chemicals

Analytical grade of amoxicillin (AMX) and ampicillin (AMP)
as purchased from Sigma and cloxacillin (CLX) from Fluka, and
ere used to construct HPLC analytical curves for determina-

ion of antibiotic concentration. Potassium dihydrogen phosphate
KH2PO4) was purchased from Fluka and acentonitrile HPLC grade
rom Sigma. Hydrogen peroxide (30%, w/w) and ferrous sulphate
FeSO4·7H2O) were purchased from R&M Marketing, Essex, U.K.

.2. Antibiotic wastewater

Antibiotic wastewater used in this study was  obtained from a
ocal antibiotic industry producing amoxicillin and cloxacillin. The
ntibiotic wastewater characteristics are summarized in Table 1.

.3. Analytical methods
Antibiotic concentration was determined by HPLC (Agilent
100 Series), equipped with micro-vacuum degasser (Agilent 1100
eries), quaternary pumps, diode array and multiple wavelength
etector (DAD) (Agilent 1100 Series), at wavelength 204 nm.  The
hoto-Fenton–SBR process.

data were recorded by a chemistation software. The column was
ZORBAX SB-C18 (4.6 mm × 150 mm,  5 �m)  and the column tem-
perature was set at 60 ◦C. Mobile phase was made up of 55%
buffer solution (0.025 M KH2PO4 in ultra purified water) and 45%
acentonitrile, and flow rate of 0.5 mL/min. Ions present in raw
wastewater such as SO4

2− and Cl− were determined by a Metrohm
ion chromatograph. The eluent phase consisted of 3.2 mM Na2CO3
and 1.0 mM NaHCO3. The analytical column was  METROSEP A SUPP
5-150 (4.0 mm × 150 mm,  5 �m).  The flow rate was 0.7 mL/min and
the temperature was 20 ◦C. Chemical oxygen demand (COD) was
determined according to the Standard Methods [25]. The sample
was  filtered through 0.45 �m membrane filter for determination of
soluble chemical oxygen demand (sCOD). When the sample con-
tained hydrogen peroxide (H2O2), to reduce interference in COD
determination pH was  increased to above 10 to decompose hydro-
gen peroxide to oxygen and [26]. The pH was measured using a
pH meter (HACH sension 4) and a pH probe (HACH platinum series
pH electrode model 51910, HACH Company, USA). Biodegradability
was  measured by 5-day biochemical oxygen demand (BOD5) test
according to the Standard Methods [25]. Dissolved oxygen (DO)
was  measured by a YSI 5000 dissolved oxygen meter. The seed
for BOD5 test was  obtained from a municipal wastewater treat-
ment plant. TOC analyzer (Model 1010; O&I Analytical) was used
for determining dissolved organic carbon (DOC). Determination of
4

DOC (mg/L) 145 ± 5 Cl− (mg/L) 5.92
BOD5 (mg/L) 70 ± 10 Turbidity (NTU) 45
pH  6.8 Conductivity (�S/cm) 125
TSS  (mg/L) 70 ± 5
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.4. Experimental setup and procedure

Fig. 1 shows a schematic of the combined photo-Fenton–SBR
rocess. The treatment was accomplished in two stages, photo-
enton process as stage 1 and aerobic sequencing batch reactor
SBR) as stage 2.

.4.1. Stage 1: photo-Fenton process
Batch experiments were conducted using a 2.2-L Pyrex reactor

ith 2000 mL  of the antibiotic wastewater. The required amount
f iron (FeSO4·7H2O) was added to the wastewater and mixed by a
agnetic stirrer to ensure complete homogeneity during reaction.

hereafter, necessary amount of hydrogen peroxide was added to
he mixture with simultaneous adjustment to the required pH value
y H2SO4. The mixture was subjected to UV irradiation by an UV

amp (Spectroline Model EA-160/FE, 230 V, 0.17 A, Spectronics Cor-
oration, New York, USA) with nominal power of 6 W,  emitting
adiations at wavelength ≈365 nm and it was placed 5 cm above
he reactor. The time at which hydrogen peroxide was  added to
he mixture was considered the beginning of the experiment. The
eaction was allowed to continue for the required time. Thereafter,
H was increased to above 10 for iron precipitation and decom-
osing residual H2O2 [26]. Precipitated iron was separated from
he reactor and the supernatant was used to feed the SBR after pH
djustment to 6.8–7.2. Samples were taken and filtered through

 0.45 �m membrane syringe filter for determination of soluble
hemical oxygen demand (sCOD), biochemical oxygen demand
BOD5) and dissolved organic carbon (DOC), and filtered through

 0.20 �m membrane syringe filter for measurement of antibiotic
oncentration by HPLC.

.4.2. Stage 2: aerobic sequencing batch reactor (SBR)
The operating liquid volume of the 2-L SBR was 1.5 L and depth

0 cm.  The reactor was equipped with an aquarium pump and air
iffuser to keep DO above 3 mg/L, and stirring plate and stirrer
ar (200 rpm) for mixing. Feeding and decanting were performed
sing two peristaltic pumps. The cycle period was divided into five
hases: filling (0.25 h), aeration (variable), settling (1.25 h), decant
0.25 h) and idle (0.25 h). The cycle was repeated 6–9 times as nec-
ssary to allow cell acclimation and/or to obtain repetitive results.
aily analysis of sCOD and DOC of influent and effluent were carried
ut. Concentration of mixed liquor suspended solids (MLSS) and
ixed liquor volatile suspended solids (MLVSS) were monitored

hroughout the operation.

.4.3. Start up of SBR
The SBR was inoculated with 200 mL  of sludge from the aera-

ion tank of a wastewater treatment plant. Concentration of MLSS
n the reactor after inoculation was 2300 mg/L. In order to accli-

ate the biomass, a HRT of 2 days and acclimation period of 8 days
ere used and the photo-Fenton treated antibiotic wastewater was
ixed with domestic wastewater at ratio of 25:75, 50:50, 75:25 and

00:0.

. Results and discussion

.1. Photo-Fenton pretreatment

.1.1. Effect of H2O2/COD molar ratio
Expectantly, higher H2O2/COD molar ratio would generate more

ydroxyl radicals (OH•) for substrate degradation. To study the
ffect of H2O2/COD molar ratio on biodegradability improve-

ent and mineralization of the antibiotic wastewater (sCOD

75 mg/L (17.97 mM)  and DOC 145 mg/L), initial H2O2 concentra-
ion was varied in the range 17.97–53.9 mM.  The corresponding
2O2/COD and COD/H2O2/Fe2+ molar ratios were 1, 1.5, 2, 2.5
Fig. 2. Effect of H2O2/COD molar ratio on sCOD and DOC removal, and BOD5/COD
ratio.

and 3, and 1.0/1.0/0.02, 1.0/1.5/0.03, 1.0/2.0/0.04, 1.0/2.5/0.05 and
1.0/3.0/0.06, respectively. The other operating conditions were pH
3, irradiation time 30 min  and H2O2/Fe2+ molar ratio 50. Effect of
H2O2/COD molar ratio on sCOD and DOC removal and biodegrad-
ability (BOD5/COD ratio) improvement is shown in Fig. 2. The sCOD
removal was 45 ± 1, 51 ± 1, 57 ± 1, 59 ± 1 and 58 ± 1% at H2O2/COD
molar ratio 1, 1.5, 2.0, 2.5 and 3.0, respectively. The BOD5/COD ratio
was  0.34 ± 0.01, 0.41 ± 0.02, 0.43 ± 0.01, 0.44 ± 0.01 and 0.42 ± 0.01
at H2O2/COD molar ratio 1, 1.5, 2.0, 2.5 and 3.0, respectively. It
may  be noted that a wastewater is considered biodegradable if the
BOD5/COD ratio is 0.40 [27]. The DOC removal was  32 ± 3, 34 ± 1,
36 ± 1, 49 ± 1 and 48 ± 1% at H2O2/COD molar ratio 1, 1.5, 2.0, 2.5
and 3.0, respectively. The results show that sCOD and DOC removal,
and biodegradability (BOD5/COD ratio) improved with increasing
H2O2/COD molar ratio. Addition of H2O2 in excess of H2O2/COD
molar ratio 2.5 did not improve removal and biodegradability. This
was  presumably due to scavenging of OH• by H2O2 as in Reaction
(1) [28].

OH• + H2O2→ H2O + HO2
• (1)

Based on the results, the optimum H2O2/COD molar ratio was  2.5
for biodegradability improvement, sCOD removal and mineraliza-
tion. The optimum H2O2/COD molar ratio in this case was higher
than that observed in our previous study [18] on degradation of
antibiotics in aqueous solution by the photo-Fenton process. This
was  ascribed to decreasing light penetration and presence of inor-
ganic ions in the wastewater. A H2O2/COD molar ratio of 2.5 was
used in all subsequent experiments.

3.1.2. Effect of H2O2/Fe2+ molar ratio
In the photo-Fenton process, Fe2+ and H2O2 are two major

chemicals determining the operation cost as well as efficiency.
To study the effect of H2O2/Fe2+ molar ratio on biodegradabil-
ity improvement and mineralization of the antibiotic wastewater
(sCOD 575 mg/L (17.97 mM)  and DOC 165 mg/L), experiments
were conducted at constant H2O2 dose (44.9 mM)  and varying
Fe2+ dose in the range 0.3–4.5 mM.  The corresponding H2O2/Fe2+

and COD/H2O2/Fe2+ molar ratios were 10, 20, 50, 100 and 150,
and 1.0/2.5/0.25, 1.0/2.5/0.125, 1.0/2.5/0.05, 1.0/2.5/0.025 and
1.0/2.5/0.017, respectively. The other operating conditions were
pH 3, irradiation time 30 min  and H2O2/COD molar ratio 2.5. The
results (Fig. 3) show that sCOD and DOC removal and BOD5/COD
ratio increased with decrease of H2O2/Fe2+ molar ratio up to 20.
This may  be explained by the fact that higher Fe2+ dose generated

more OH• radicals resulting in improved sCOD removal. Decrease
of H2O2/Fe2+ molar ratio below 20 did not improve sCOD and DOC
removal and BOD5/COD ratio. This was  presumably due to direct
reaction of OH• radicals with metal ions at high concentration of
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ig. 3. Effect of H2O2/Fe2+ molar ratio on sCOD and DOC removal, and BOD5/COD
atio.

e2+ as in Reaction (2) [29] or due to recombination of OH• radi-
als or increase of turbidity that hindered the absorption of the UV
ight.

e2+ + OH• → Fe3+ + OH− (2)

Based on the results, the optimum H2O2/Fe2+ molar ratio was
0 for biodegradability improvement, sCOD removal and mineral-

zation.

.1.3. Degradation of antibiotics
To confirm degradation of the antibiotics in the antibiotic

astewater and study the matrix effect, an experiment was  con-
ucted under the following operating conditions: H2O2/COD molar
atio 2.5, H2O2/Fe+2 molar ratio 20 and pH 3. As shown in Fig. 4,
omplete degradation of amoxicillin (AMX) and cloxacillin (CLX)
ccurred in 1 min. This agreed well with our previous study [18] on
egradation of antibiotics in aqueous solution by the photo-Fenton
rocess and thus, the effect of water matrix could be neglected.

t also agreed well with the results reported by Trovó et al. [30]
n degradation of amoxicillin, bezafibrate and paracetamol by the
enton process. They observed 90 and 89% amoxicillin degradation
n 1 min  in distilled water and in sewage treatment plant effluent,
espectively.

.2. Combined photo-Fenton–SBR treatment
.2.1. Effect of photo-Fenton operating conditions on SBR and
ombined process efficiency

To study the effect of photo-Fenton operating conditions and
hoto-Fenton-treated wastewater characteristics on SBR and com-

Fig. 4. Degradation of AMX  and CLX in antibiotic wastewater. Ta
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bined process efficiency, antibiotic wastewater treated under
different H2O2/COD and H2O2/Fe2+ molar ratios (cases PF1–PF10,
Tables 2 and 3) were used to feed the SBR. The SBR was operated for
71 days at cycle period of 24 h. The cycle was  repeated 6–9 times
to allow cell acclimation and to obtain repetitive results. Cases
PF1–PF5 examined the effect of decreasing H2O2 dose (decreas-
ing H2O2/COD molar ratio) and PF6–PF10 the effect of decreasing
Fe2+ dose (increasing H2O2/Fe2+ molar ratio).

Table 2 shows photo-Fenton-treated wastewater and SBR
effluent characteristics, and combined process efficiency under
H2O2/COD molar ratios 3, 2.5, 2, 1.5 and 1 (cases PF1–PF5). The
other operating conditions of the photo-Fenton process were
H2O2/Fe2+ molar ratio 50, irradiation time 30 min and pH 3. The
H2O2/COD molar ratio 3 (H2O2 1832 mg/L) was considered as the
starting point. The SBR efficiency (R%) was 67 ± 2 and 68 ± 2 for
sCOD and DOC removal, respectively. Under H2O2/COD molar ratio
2.5 (H2O2 1527 mg/L), the characteristics of the photo-Fenton-
treated wastewater were sCOD 222 ± 2 mg/L, DOC 83 ± 2 mg/L and
BOD5/COD ratio 0.44 ± 0.03, and the SBR efficiency (R%) was  66 ± 1
and 66 ± 2 for sCOD and DOC removal, respectively. Comparing SBR
performance of case PF3 with that of PF2 and PF1, it is observed
that increasing H2O2/COD molar ratio to more than 2 did not sig-
nificantly improve the SBR efficiency. This was presumably due
to the fact that biodegradability (BOD5/COD ratio) of the photo-
Fenton-treated wastewater was more than 0.40 in all cases, which
is considered biodegradable [27]. Reduced SBR efficiency under
H2O2/COD molar ratio below 2 (cases PF4 and PF5) was ascribed
to decrease of biodegradability below 0.4, indicating inhibition
of aerobic oxidation by the antibiotic intermediates. The mixed
liquor suspended solids (MLSS) in the SBR varied from 2560 mg/L at
BOD5/COD ratio 0.42 ± 0.01 (case PF1) to 2480 mg/L at BOD5/COD
ratio 0.34 ± 0.01 (case PF5). The reduction in MLSS concentra-
tion was considered small and it was  presumably due to biomass
growth on the SBR wall as well as inhibition of aerobic oxida-
tion by antibiotic intermediates. The F/M ratio varied in the range
0.065–0.080 day−1 and this was mainly due to variation in sCOD of
the photo-Fenton-treated wastewater.

Table 3 shows photo-Fenton-treated wastewater and SBR
effluent characteristics, and combined process efficiency under
H2O2/Fe2+ molar ratios 10, 20, 50, 100 and 150 (cases PF6–PF10).
The other operating conditions of the photo-Fenton process were
H2O2/COD molar ratio 2.0, irradiation time 30 min and pH 3.
The H2O2/Fe2+ molar ratio 10 (Fe2+ 250 mg/L) was considered as
the starting point. The SBR efficiency (R%) was 69 ± 1 and 70 ± 2
for sCOD and DOC removal, respectively. Under H2O2/Fe2+ molar
ratio 20 (Fe2+ 125 mg/L), the characteristics of the photo-Fenton-
treated wastewater were sCOD 179 ± 2 mg/L, DOC 76 ± 3 mg/L and
BOD5/COD ratio 0.50 ± 0.02, and SBR efficiency (R%) was 69 ± 1
and 69 ± 1 for sCOD and DOC removal, respectively. The photo-
Fenton-treated wastewater characteristics were similar in cases
PF6 and PF7 and hence the SBR efficiency. Both photo-Fenton-
treated wastewater were biodegradable since the BOD5/COD ratio
was  more than 0.4. Decreasing SBR efficiency with increase of
H2O2/Fe2+ molar ratio (cases PF9 and PF10) was presumably due to
decrease of biodegradability (BOD5/COD ratio) below 0.4 and this
indicated inhibition of biological oxidation by the antibiotic inter-
mediates. It is noteworthy that SBR efficiency in terms of sCOD
and DOC was  very sensitive to BOD5/COD ratio below 0.40. SBR
efficiency (R%) in terms of sCOD removal decreased from 69 ± 1 at
BOD5/COD ratio 0.48 ± 0.01 to 44 ± 1 at BOD5/COD ratio 0.19 ± 0.02
(cases PF6 and PF10). A marked decline in MLSS concentration
was  observed at higher influent sCOD and low BOD5/COD ratio
(case PF10). This reduction in MLSS concentration was  ascribed

to wall growth [14] and inhibition of biological oxidation by
the antibiotic intermediates. The F/M ratio varied in the range
0.049–0.124 day−1 and this was  mainly due to variation in sCOD of
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Fig. 5. SBR efficiency in terms of

he photo-Fenton-treated wastewater as well as change in biomass
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Combined photo-Fenton–SBR process efficiency achieved was
imilar to those observed in the reported studies. Farré et al.
14] reported 80% DOC removal in combined photo-Fenton and
iological treatment of Diuron and Linuron pesticide water at
2O2/Fe2+ molar ratio ∼12.7, HRT of 2 days and VSS 0.60 ± 0.03 g/L.
arcía-Montańo et al. [12] reported 80% DOC removal in combined
hoto-Fenton–SBR treatment of a synthetic textile effluent con-
aining a hetero-bioreactive dye (Cibacron Red FN-R, 250 mg/L)
t H2O2/Fe2+ molar ratio 12.5, of HRT 1 day, irradiation time
0 min  and VSS 0.56 ± 0.03 g/L. González et al. [16] reported 75.7%
OC removal by photo-Fenton-sequencing batch biofilm reactor
reatment of a synthetic wastewater containing 200 mg/L sul-
amethoxazole. The treatment conditions were 300 mg/L H2O2 and
0 mg/L Fe2+, and HRT of 8 h.

It should be noted that the Malaysian standard for discharge of
reated industrial wastewater into receiving water bodies (lakes
nd rivers) is COD 100 mg/L [31]. Assuming that COD contribu-
ion by suspended solids is ∼30 mg/L, minimum sCOD of the final
ffluent should be ∼70 mg/L. Table 3 shows that combined photo-
enton–SBR treatment of the antibiotic wastewater (cases PF6 and
F7) met  the discharge standard.

.2.2. Effect of cycle period on performance of SBR
In order to examine the effect of cycle period on SBR per-

ormance, HRT was varied in the range 12–48 h. The SBR was
perated for 203 days at HRT of 48, 24 and 12 h, and was  fed
ith antibiotic wastewater treated under different H2O2/COD and
2O2/Fe2+ molar ratios (cases PF1–PF10). Fig. 5 shows the SBR
fficiency in terms of sCOD at HRT of 48, 24 and 12 h. No remark-
ble improvement in SBR efficiency was observed due to HRT

ncrease from 12 to 48 h. This indicated that most substrate degra-
ation occurred during the first 12 h and a smaller portion was
egraded in rest of the retention time. In order to confirm this,

 statistical analysis (one-way ANOVA) was made on the results

able 4
ne-way ANOVA for SBR efficiency in terms of sCOD and DOC removal at different HRTs.

One-way ANOVA Parameter No. of group

24 h vs. 48 h sCOD 2 

12  h vs. 24 h sCOD 2 

12  h vs. 24 h vs. 48 h sCOD 3 

24  h vs. 48 h DOC 2 

12  h vs. 24 h DOC 2 

12  h vs. 24 h vs. 48 h DOC 3 
 removal at HRT 48, 24 and 12 h.

at a 5% level of significance. As shown in Table 4, the statistical
analysis indicated that increase of HRT from 24 to 48 h did not
significantly improve sCOD removal (P-value 0.132 > 0.05) or DOC
removal (P-value 0.198 > 0.05). HRT decrease from 24 to 12 h also
did not significantly reduce sCOD removal (P-value 0.201 > 0.05) or
DOC removal (P-value 0.096 > 0.05). García-Montańo et al. [12,13]
observed no remarkable increase in DOC removal due to increase
of HRT from 1 to 2 and 4 days in the treatment of dye solution of
commercial hetero-bioreactive dye Cibacron Red FN-R and reactive
dye Procion Red H-E7B by combined photo-Fenton SBR treatment.
It was  decided to operate the SBR at HRT of 12 h in subsequent
experiments.

3.2.3. Optimization of combined photo-Fenton–SBR treatment
In Sections 3.2.1 and 3.2.2, it was  observed that both H2O2/COD

and H2O2/Fe2+ molar ratios significantly affected the SBR per-
formance, whereas HRT increase did not significantly improve
the SBR performance, and H2O2/COD molar ratio 2 and HRT of
12 h were suitable for the combined photo-Fenton–SBR treatment.
The next step was  to study the effect of increasing irradiation
time and H2O2/Fe2+ molar ratio (decreasing Fe2+ dose) on com-
bined process efficiency. The experimental design consisted of nine
photo-Fenton-treated wastewater (cases PF11–PF19, Table 5). The
SBR was operated from day 204 to 239 (36 days) at HRT of 12 h and
the cycle was  repeated 8 times to obtain repetitive results.

Table 5 shows photo-Fenton-treated wastewater and SBR efflu-
ent characteristics, and combined process efficiency under different
irradiation time and H2O2/Fe2+ molar ratio. The other operating
conditions of the photo-Fenton process were H2O2/COD molar ratio
2.0 and pH 3. H2O2/Fe2+ molar ratio 50 (Fe2+ 200 mg/L) was con-
sidered as the starting point since it did not meet the discharge
standards (Table 3). When irradiation time was increased from 30

to 60 min  (case PF11), the SBR efficiency (R%) was  71 ± 1 and 76 ± 1
for sCOD and DOC removal, respectively, and the SBR effluent (sCOD
52 ± 1 mg/L) met  the discharge standards. When irradiation time
was  increased to 90 min  (case PF12) and 120 min  (case PF13), SBR

s F P-value F-crit

2.3 0.132 3.9
1.7 0.201 3.9
3.9 0.023 3.1
1.7 0.198 3.9
2.8 0.096 3.9
4.4 0.014 3.1
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Fig. 6. Nitrification in SBR (case PF18).

efficiency (R%) did not improve significantly. The SBR effluent (cases
PF11, PF12 and PF13) amply met  the discharge standards of less
than 100 mg/L COD (70 mg/L sCOD), and based on these results it
was  decided to increase H2O2/Fe2+ molar ratio (decrease Fe2+ dose)
by 50% to 100 (Fe2+ 100 mg/L). The irradiation time was  60 min
(case PF14), 90 min  (case PF15) and 120 min  (case PF16). The SBR
efficiency (R%) (case F14) was 69 ± 1 and 69 ± 1 for sCOD and DOC
removal, respectively, and the SBR effluent (sCOD 65 ± 1 mg/L) met
the discharge standard. When irradiation time was  increased to
90 min  (case PF15) and 120 min (case PF16), SBR efficiency (R%)
improved further (73 ± 1 and 76 ± 1) and the SBR effluent sCOD
was  43 ± 2 and 33 ± 2 mg/L, respectively.

The SBR effluent of the combined photo-Fenton–SBR treatment
at H2O2/Fe2+ molar ratio 100 and irradiation time 60, 90 and
120 min  (cases PF14–F16) amply met  the discharge standards. In
order to assess the effect of further increasing H2O2/Fe2+ molar
ratio (reducing Fe2+ concentration) on SBR and combined process
performance, H2O2/Fe2+ molar ratio 150 (Fe2+ 66.6 mg/L) was  used
with irradiation time 60, 90 and 120 min  (cases PF17–F19). The SBR
efficiency (R%) was  68 ± 1 and 70 ± 1 for sCOD and DOC  removal,
respectively and the SBR effluent (sCOD 84 ± 1 mg/L) did not meet
the discharge standards (case PF17). When irradiation time was
increased from 60 min  to 90 min  (case PF18), SBR efficiency (R%)
was 72 ± 1 and 71 ± 1 for sCOD and DOC removal, respectively, and
the SBR effluent (sCOD 66 ± 2 mg/L) met  the discharge standards.
When irradiation time was increased further to 120 min (case F19),
SBR efficiency (R%) for sCOD removal improved to 77 ± 1 and the
SBR effluent sCOD was  39 ± 1 mg/L.

Since the objective was to minimize the Fe2+ dose, it was impor-
tant to know if increasing irradiation time and reducing Fe2+ dose
significantly affected the SBR performance. A two-way analysis of
variance (ANOVA) was conducted using the SPSS statistical soft-
ware. Table 6 shows the significance of the difference between
the two  means for sCOD removal in the SBR at H2O2/Fe2+ molar
ratio 50, 100 and 150 and irradiation time 60, 90 and 120 min using
Tukey HSD method. When the value of significance was less than
0.05, it indicated that COD removal in SBR was  significantly differ-
ent and was  not significantly different if the value of significance
was  more than 0.05 (the highlighted values in Table 6). There was
no difference between the SBR efficiency at H2O2/Fe2+ molar ratio
100 and irradiation time 90 min  (100 MR  – 90 min), and SBR effi-
ciency at H2O2/Fe2+ molar ratio 150 and irradiation time 90 min
(150 MR  – 90 min). Since the SBR effluent in both cases (PF15 and
PF18, Table 5) met  the discharge standard, it would be more eco-
nomical to select H2O2/Fe2+ molar ratio 150 and irradiation time
90 min  as the best operating conditions (case PF18, Table 5).
To study nitrification in SBR, NH3, TKN and NO3
− were measured

during the cycle period (12 h) for case PF18 and shown in Fig. 6. Oxi-
dation of NH3 was complete in 6 h, oxidation of TKN was  complete
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in 12 h and NO3
− concentration was 30 mg/L in 12 h, indicating

complete nitrification. Discharge of the SBR effluent to Malaysian
receiving waters presents no problem. Either there is sufficient
dilution of the nitrate (e.g. release into the ocean) or there is suf-
ficient flow (a river with strong currents) to prevent accumulation
of the nitrates. It is also to be noted that the Malaysian discharge
standards for nitrate is 20 mg/L (upstream of water supply source)
and 50 mg/L (downstream of water supply source) [32].

4. Conclusions

• The optimum H2O2/COD and H2O2/Fe2+ molar ratios of photo-
Fenton pretreatment of an antibiotic wastewater containing
amoxicillin and cloxacillin were 2.5 and 20, respectively.

• Complete degradation of the antibiotics occurred in one min.
• The best operating conditions for combined photo-Fenton–SBR

treatment of the antibiotic wastewater were H2O2/COD molar
ratio 2, H2O2/Fe2+ molar ratio 150, irradiation time 90 min  and
HRT of 12 h. Under these conditions, the combined process effi-
ciency was  89% for sCOD removal with complete nitrification and
the SBR effluent met  the discharge standards.

• SBR performance was  found to be very sensitive to BOD5/COD
ratio below 0.40 of the photo-Fenton treated wastewater.

• Combined photo-Fenton–SBR is an effective process for treat-
ment of antibiotic wastewater.
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