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ABSTRACT

The treatment of saline wastewater containing phenol is a challenge faced in the application of biologi-
cal pollution control technologies. Phenol-laden saline wastewater is generated from various industrial
and manufacturing activities. The aerobic granular sequencing batch reactor (GSBR) was investigated
in this work in order to assess its performance for the degradation and chemical oxygen demand
(COD) removal of phenol as the sole substrate from saline wastewater. The effect of inlet concentration
(100-2000 mg phenol/L), cycle time (14-24 h), filling cycle time (1-4 h), shock loading, and total dissolved
solids (TDS) concentration (3-8%) were evaluated on the performance of a bench scale GSBR seeded with
granules containing mixed phenol-degrading consortia acclimatized to salt. The results showed that the
investigated reactor could remove more than 99% of phenol from the feed saline wastewater at inlet
phenol concentrations of up to 1000 mg/L, total cycle time of 17 h (15.5 h aerating, 1 h filling, and 30 min
settling, decanting and idle) and TDS concentrations up to 8%. A high percent of COD removal and phenol
mineralization obtained at these operational conditions. The GSBR could also withstand and absorb the
strong phenol shock. Furthermore, the granular biomass in the GSBR indicated high quality in terms of
sludge settleability. Overall, the results of this work revealed that establishing a granular biomass contain-
ing high concentration of active mixed microbial populations in the GSBR system can achieve complete
degradation of high concentrations of phenol in saline wastewater. This makes it a very efficient and

flexible technology for treating such waste streams in full-scale applications.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Industrialization has led not only to an increase in water
demand, but also to an increase in water pollution due to indus-
trial discharges. Many industries such as meat canning, olive oil
mills, petroleum, petrochemical, agro-food, seafood processing,
vegetable canning, pickling and cheese processing generate efflu-
ents with high salt content [1], most of which contain some amount
of various organic compounds [2]. One common organic com-
pound found in saline wastewater generated in industries like olive
oil mills, petroleum refineries, petrochemical plants and oil field
operations is phenol and its derivates [3]. For instance, olive oil
mills, which are mostly concentrated in the Mediterranean area
[4], produce an acidic wastewater with high salt and phenol content
(0.1-1%). Furthermore, characteristics of olive oil mill wastewater
vary widely and depend on the oil production method. In addition,
concentrations of phenol in refineries and petrochemical plants are
in the ranges of 6-500 mg/L and 2.8-1220 mg/L, respectively [5].
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Phenol is listed as a toxic substance and is included in the pri-
ority list of hazardous substances as well, which demonstrates its
serious health and ecological effects [6]. This makes it a major focus
of environmental and health pollution control. In order to protect
the environment against the adverse effects of phenol, wastewaters
containing this toxic compound need to be treated in an effec-
tive and environmentally benign process before the wastewater
can be discharged into the environment. Reviewing the literature
indicated that most investigations reported on phenol removal has
focused on its removal from fresh (low TDS) wastewaters using
a range of processes [7]. Busca et al. [6] have recently published
a short review on the separation and destruction techniques of
phenol removal from wastewater. However, in spite of its impor-
tance, few works have been published on removal of phenol from
saline wastewaters. This lack of published research is despite the
fact that several industries such as olive oil mills, oil refinery,
petrochemical, pharmaceutical, pesticides and oilfields [5,8] gener-
ate saline effluents containing several organic compounds such as
phenol. Biological processes are considered to be environmentally
benign, efficient, and cost effective treatment techniques in com-
parison to other processes [9] and offer effective removal of a wide
range of contaminants in wastewater treatment. It is known that
high salinity can seriously inhibit the effectiveness of aerobic and
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anaerobic biological treatment of wastewater [10]. Although using
halophilic microorganisms such as Halobacter halobium, etc. is the
best approach for the biological treatment of saline wastewater [1],
a biomass acclimated to a desired salt concentration can also mit-
igate the detrimental effects of salinity on the overall bioprocess
performance.

Woolard and Irvine [11] investigated the removal of phenol
from synthetic wastewater containing 15% salt in a sequencing
batch biofilm reactor inoculated with moderated halophilic bac-
teria. They observed a removal efficiency of higher than 99% for
phenol at inlet concentrations of 120 mg/L. They repeated the
experiment in 1995, with a sequencing batch reactor (SBR) seeded
with pure halophil culture and found a removal efficiency of 99.5%
for phenol [12]. Hinteregger and Streichsbier [13] reported almost
100% removal of phenol in wastewater containing 14% NacCl. Li et al.
[14] evaluated the effect of nutrients on the rate of phenol biodegra-
dation in synthetic saline wastewater in a sequencing batch biofilm
reactor. They observed an important role for nutrient content on
phenol removal. Other investigations that have dealt with biolog-
ical treatment of saline wastewaters containing phenol are those
reported by Freire etal.[15], Alvaand Peyton [16], Gbmez etal.[17],
and Ramos et al. [18], who showed the effectiveness of biotreat-
ment of phenol-laden saline wastewaters. However, most of these
studies have involved either single microbial species or low inlet
phenol concentrations; both of which may have limitations in field
application due to the presence of different and/or high concentra-
tions of contaminants in the targeted wastewater.

The primary objective of this work was to investigate the
biological treatment of saline wastewater containing high con-
centrations of phenol using a mixed culture and improvement of
the biomass separation. Among the bioreactors invented for bio-
logical wastewater treatment, the SBR confers greater advantages,
including flexibility, robustness, single basin operation, better con-
trol of shock loads, simplicity of operation, relatively low cost,
and no sludge loss in the reaction period (and hence no need to
return activated sludge) [19,20]. Therefore, SBR is the most com-
mon type of bioprocess used for industrial wastewater treatment
[21]. Arecent advantage reported for SBR is the possible formation
of granules of biomass without using media, which can improve
the reactor performance and sludge settleability [22,23]. On the
other hand, one of the most frequently encountered problems in
biological treatment of saline wastewater is gravity separation of
solid-liquid phases in sedimentation unit operation. This is caused
by a difference in saline water and biomass density, cell plas-
molysis, reduced quantity of the filamentous bacteria and lack of
protosoans [1,12]. Exploring the granulation ability in SBR systems
might be a solution to mitigate the settling problems encoun-
tered in conventional suspended biological processes in treating
saline wastewaters for several reasons. In addition to settleabil-
ity improvement, biomass granulation increases the concentration
of the biomass into the reactor and improves the resistance to
toxicity [23,24], resulting in an enhancement of bioreactor perfor-
mance. Although the ability of aerobic granules to be effective in
the removal of toxic compounds like phenol [24], p-nitrophenol
[25] and 2-4,dichlorophenol [23] has been previously published, no
report could be found on phenol removal from saline wastewaters.
Accordingly, the basic aim of this parametric study is investi-
gating the performance of an aerobic granular sequencing batch
reactor (GSBR) to explore the above-mentioned benefits in the
treatment of a synthetic saline phenolic wastewater. To achieve
this goal, the effect of inlet phenol concentration, wastewater
salt content, aeration cycle time, filling cycle time and contami-
nant shock loading was evaluated in the removal of phenol from
saline wastewater in a bench scale GSBR. It will be indicated that
the GSBR can efficiently remove the phenol from saline wastewa-
ter.
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Fig. 1. The schematic of the GSBR experimental set up.

2. Materials and methods
2.1. Reactor setup

In this investigation, a cylindrical bench scale reactor, the
schematic of which is shown in Fig. 1, was constructed and stud-
ied for the treatment of saline wastewater containing phenol under
laboratory conditions. The reactor was made from glass and con-
sisted of a 7L total volume column (internal diameter (D) x height
(H), 15cm x 40 cm), 4L of which served as the working volume.
A peristaltic pump (WATSON MARLOW 101U/R) injected the syn-
thesized wastewater into the reactor. The pumping rate of the
wastewater to the reactor was regulated based on the fill vol-
ume and filling time. The reactor was aerated using an air pump
(RESUN® AC-9908) and the air entered into the mixed liquor
through two air stone diffusers placed at the bottom of the reac-
tor. The inlet air flow rate to the GSBR was controlled by a valve
mounted on the pump to meet the oxygen demand corresponded
to the inlet organic loading rate. Two sampling ports were provided
on the influent and effluent lines of the reactor for taking samples
and monitoring the performance of the system in removal of phe-
nol. In addition, a valve was located at the bottom of the reactor to
withdraw the sludge and drain the reactor, as needed.

2.2. Reactor operation

The GSBR used in this work was operated in cyclic mode for 275
days, so that each operating cycle comprised of filling (with aera-
tion), aerating, settling and decanting with various cycle times. The
fill volume of the reactor was kept constant at 2 L during the entire
course of the experiment, meaning that 50% of the full volume was
replaced during the filling period with new synthetic wastewater
in each cycle. Table 1 gives the operational conditions of the inves-
tigated GSBR. Following start up, the reactor was run to investigate
the effects of operational variables on phenol removal and the cor-
responding chemical oxygen demand (COD) removal at steady state
operational conditions. Table 2 illustrates the phases of the study
and the purpose considered in each phase of the experiment along
with the range of investigated variables. The steady state condi-
tion was assumed to have occurred at each operational run when
change in the removal efficiency was within +5% for 10-15 consec-

Table 1
Basic operation parameters of the GSBR.
Parameter Unit Value
Phenol concentration mg/L 100-2000
COD concentration mg/L 227-4540
Salt concentration g/L 30-80
Cycle time h 14-24
Filling h 1-4
Aerating h 9.5-19.5
Settling, decanting and idle h 0.5
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Table 2
Experimental phases and GSBR operation schedule.
Phase Day Operation Inlet concentration, G, (mg/L) TDS (g/L) Cycle time? (h)
Phenol COD Fill React
0 0-50 Biomass acclimation 100 227 5-50 - -
1 51-115 Effect of G, 100-2000 230-4540 50 4 19.5
2 116-165 Effect of aerating time 1000 2270 50 4 19.5-9.5
3 166-220 Effect of filling time 1000 2270 50 4-1 15.5
4 221 Effect of shock loading - - 50 Shock-feed 15.5
5 222-275 Effect of salt content 1000 2270 30-80 1 15.5

@ Settling, decanting and idle cycle times kept constant at 5, 10, and 15 min, respectively, during the time course of the experiment.

utive cycles. The concentration of biomass over the whole period
of the experiment stayed steady at 9500 & 500 mg/L.

The wastewater fed to the GSBR was prepared daily by adding
phenol and nutrient stock solutions to the tap water. It should be
noted that throughout this experiment, phenol was the sole car-
bon source for microorganisms in the reactor. The nutrient stock
solution was prepared by dissolving given amounts of KH,POy,
K;HPO4, and NH4Cl and 1 mL of trace element solution into 1L of
distilled water. A stock phenol solution was made by dissolving
35 g of phenol crystals into 1L of distilled water. Feed wastewater
was produced by mixing sufficient volumes of phenol and nutrient
stock solutions with tap water in the synthetic wastewater tank.
The ratio of COD:N:P in the feed wastewater was kept constant at
100:5:1 throughout the investigation. The salt content of the pre-
pared wastewater was controlled at the required value based on
total dissolved solids (TDS) via adding a sufficient amount of NaCl
and Ca(Cl);. To keep from limiting the phenol biodegradation, the
concentration of dissolved oxygen (DO) in the mixed liquor was
maintained around 2 mg/L during all areration cycles. In addition,
the pH of the feed wastewater was set at a neutral range. All chemi-
cals were of analytical grade except for NaCl, which was purchased
commercially.

2.3. Inoculum preparation

To prepare an acclimatized salt-tolerant phenol-degrading
inoculum, the granular activated sludge taken from a bioreactor
treating synthetic phenol-laden wastewater with removal effi-
ciency of over 99% was used as the initial seed. The granules
were averagely 2 mm in diameter, dense in structure and appeared
brownish in color. The adaptation of biomass granules to salt was
performed in the batch reactor, during which time the synthetic
wastewater containing 100 mg/L phenol was fed to the reactor. The
salt content (based on TDS parameter) in the feed wastewater was
increased step-wise up to 50 g/L of salt during the 50 days of accli-
mation phase. In each TDS concentration, the reactor was operated
until the removal efficiency of phenol became greater than 95%;
thereafter the salt concentration was increased. Acclimation to salt
was assumed to be achieved when the removal efficiency of phe-
nol exceeded 95% at the target salt content of 50 g/L. Upon attaining
the acclimation of phenol-degrading granular biomass to salt, the
reactor was operated for 20 more days to enrich the salt-tolerant
granular consortia. The obtained biomass was applied as inoculum
to the reactor. Microscopic observations revealed that the granules
could preserve their firmness and shape during exposure to salt.

2.4. Analysis

To evaluate performance of the GSBR, samples were taken in
each operation cycle from inlet, settled effluent as well as the
content of the reactor during reaction phase. Inlet samples were
analyzed as taken for phenol, COD, NH4-N, phosphate, pH and TDS.
The mixed liquor samples were analyzed for phenol, COD, and

suspended solids. Mixed liquor and effluent samples were filtered
before analysis through a filter with a 0.45 wm pore size to remove
particles. The effluent samples were analyzed for phenol, COD and
turbidity. Phenol concentrations were measured spectrophotomet-
rically by the chlorimetric 4-aminoantipyren procedure as detailed
in the Standard Methods [26], using a Unico-UV 2100 UV/VIS
Spectrophotometer. DO and pH of the reactor mixed liquor were
monitored by specific electrodes. Turbidity was measured using a
nephlometric turbidimeter (Hach, 2100N Turbidimeter). All other
parameters were analyzed according to the Standard Methods [26]
with correction for chloride anion in the COD test. The morphology
of the granules was evaluated using scanning electron microscopy
(SEM) images from a Philips-XL30 Electron Microscope.

3. Results and discussion
3.1. Effect of inlet phenol concentration

The effect of the initial phenol concentration over a wide rage
(100-2000 mg/L) on the performance of the GSBR in phenol and
COD removal was evaluated over seven runs. In this phase, the GSBR
was operated for 64 days under the conditions given in Table 2.
The reactor was operated at each concentration until steady state
performance in phenol removal was attained. Fig. 2 illustrates the
variation of phenol and COD removal efficiency versus the opera-
tion time at this step of the study. As shown in Fig. 2, once the phenol
was fed to the reactor, its complete removal was observed. Observ-
ing no lag phase for phenol elimination could be due to the use
of enriched biomass granules adapted to phenol in saline medium.
The effect of phenol concentration in the range of 100-1700 mg/L
was observed to be insignificant on the performance of the GSBR in
its removal. Although further increasing the phenol concentration
to 2000 mg/L resulted in a slight decrease in its removal efficiency,
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concentrations at cycle time of 24 h.
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Table 3

Mean of inlet and outlet concentrations and removal efficiencies of phenol and COD in the GSBR at different inlet phenol concentration under steady state performance.

Performance Inlet phenol (COD) concentration (mg/L)
100 (230) 225(510) 450 (1020) 1000 (2270) 1500 (3400) 1700 (3860) 2000 (4540)
Phenol
Outlet concentration (mg/L) ND? ND ND ND 0.2 7.6 273
Removal efficiency (%) 100 100 100 100 100 99.6 98.6
COD
Outlet concentration (mg/L) <10 <10 <10 15 25 154 331
Removal efficiency (%) >96 >08 >99 99.3 99.3 96.0 92.5
Organic metabolites (mg COD/L) - - - - 24.5 136.7 269

2 Not-detected.

the reactor recovered quickly after passing one cycle. This suggests
that the GSBR with the acclimated biomass could absorb the phe-
nol load fluctuation caused by switching the concentration to an
earlier step in the saline wastewater treatment.

The profile of COD removal efficiency at various inlet concen-
trations was also assessed and the results are shown in Fig. 2.
This figure indicates that the removal efficiency of COD was not
markedly affected by inlet concentrations up to around 2270 mg/L
(1000 mg phenol/L). When phenol was increased to 2000 mg/L in
three steps, corresponding to an increase of COD to 4540 mg/L, COD
removal efficiency reduced at a higher rate than that of the phe-
nol. It can also be seen from Fig. 2 that upon switching from COD
3400 to 3860 and then to 4540 mg/L, the COD removal efficiency
first dropped and then recovered to a steady state performance.
The removal efficiency was further reduced and the time to attain
steady state further increased at higher inlet COD concentrations.

The mean of the results from the steady state performance
of the reactor under different phenol concentrations is given in
Table 3. Based on the results presented in Table 3, GSBR could effec-
tively remove over 99% of phenol from saline wastewater at inlet
concentrations up to 1700 mg/L under the selected experimen-
tal conditions. For COD removal, the critical inlet concentration,
at which the mean steady state removal efficiency was greater
than 99%, was 3400 mg/L (1500 mg phenol/L). Therefore, the crit-
ical loading rate based on inlet concentration (at a cycle time of
24h) on the GSBR at which the removal efficiencies of phenol
and COD were over 99% was found to be 0.75 kg phenol/m3 day
(1.7 kg COD/m? day). Increasing the COD concentration to 3860 and
then 4540 mg/L led to gradually decreasing COD removal efficiency
to 96% and 92.5%, respectively. Accordingly, the GSBR could effec-
tively remove both phenol and its COD from the synthetic saline
wastewater. It has also been indicated by other researchers that
SBRs are very efficient at removing phenol from saline wastewa-
ters. Woolard and Irvine [11,12] reported removal of phenol from
a 15% saline wastewater by a moderate halophile using a SBR as
well as a biofilm SBR, and observed up to 99% removal efficiency
for phenol at a concentration of 100 mg|/L.

By definition, the difference between the COD equivalent of phe-
nol and COD measurements in the effluent represents the quantity
of the organic intermittent (metabolites) produced during the phe-
nol biodegradation. The concentration of phenol biodegradation
metabolites were also calculated and included in Table 3. As illus-
trated in Table 3, the degradation of phenol at concentrations of
up to 1000 mg/L was complete; no intermediates were observed,
meaning that the part of phenol utilized in catabolism had been
mineralized. As phenol was the sole substrate entered to the GSBR,
any reduction of COD, except for those incorporated in new cells,
denoted the mineralization of the compound. Therefore, as long
as the phenol concentration in the feed wastewater was lower
than 1000 mg/L, complete mineralization had occurred. Thus, this
value was adopted as the optimum phenol concentration for the
next phases of the experiment. Nonetheless, the degree of min-

eralization reduced and the intermittent concentrations increased
to 269 mg/L as COD at a maximum investigated phenol concentra-
tion of 2000 mg/L. This can be explained by the fact that during the
bio-oxidation of an inhibitory organic compound such as phenol,
the compound may be partially degraded to intermediate organic
metabolite(s), which can still be measured in COD tests. This is
particularly true in high phenol concentrations. Furthermore, as
the higher concentration of phenol caused higher inhibition for
microorganisms [27], the increase of inlet phenol concentration led
to incomplete degradation occurring with increased intermediate
concentrations remaining in the mixed liquor. This reveals that the
biomass needs a longer reaction time to attain complete oxidation
(phenol and its COD removal) at higher phenol loadings, which may
not be economically reasonable.

Such behavior and conclusions have also been reported by other
researchers; although at lower phenol concentrations and for pure
cultures [28,29]. Better performance of phenol removal and higher
capacity of the investigated bioreactor to complete oxidation of
phenol could be related to the use of high concentrations of adopted
granular mixed biomass consortia compared to the cited researchs
where the pure culture were investigated.

From the above results, it can be concluded that the phenolin the
feed saline wastewater up to optimum determined concentration
had no toxic effect on the biomass activity. This high performance
can be attributed to providing a granular biomass containing high
concentration of initially acclimated and active microbial consortia
in the reactor, which is needed for phenol degradation [30], as well
as to the reactor configuration.

3.2. Effect of aeration time

The effect of aeration time as one of the critical phases in the
GSBR operation was evaluated on removal of phenol and its related
COD at four periods: 19.5, 15.5, 12.5 and 9.5 h. Other operational
conditions were as given in Table 2. Fig. 3 demonstrates the vari-
ation of phenol and its COD removal efficiencies in the GSBR at
various aeration times, while the mean of steady state results are
presented in Table 4. Fig. 3 depicts that the aeration time down
to 15.5 h had no significant effect on phenol and its COD removal,
such that the removal efficiencies of both parameters at aeration
phase time of 15.5 h was at least 99%. However, when the duration
of aeration phase was reduced to 12.5 and subsequently to 9.5 h, the
removal efficiency of both phenol and COD was reduced. In addi-
tion, the removal efficiency of phenol and COD when the aeration
time was transitioned from 15.5 to 12.5 h, decreased down to 89.1%
and 84.6%, respectively (Fig. 3). However, after passing 5 cycles,
removal efficiency recovered to an average of 96.6% for phenol and
90.2% for COD (Table 4). As observed in Table 4, the transition of
aeration time from 12.5 to 9.5 h resulted in a drop of phenol and
COD removal mean values to around 93.2% and 78.6%, respectively.
This, in turn, implies that there is greater sensitivity of the GSBR
to aeration time at lower values. A greater reduction in the value
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of the COD removal efficiency was observed in comparison to that
of phenol. Tsang et al. [31] and Cinar et al. [32] have also reported
the adverse effect of aeration time on COD removal efficiency in the
SBR system. It can be inferred from above that the optimum reaction
time period for the GSBR under the selected operational conditions
was 15.5 h, at which time the phenol and COD removal efficiencies
were at least 99%. These results indicate that the GSBR seeded with
a granular biomass containing adopted phenol-degrading consor-
tia rather than a pure culture can efficiently remove high phenol
concentrations and associated COD.

According to Table 4, since there was no considerable accumu-
lation of intermediate metabolites up to aeration time of 15.5h
(phenol loadings of 0.6 kg/m3 day), it can be concluded that no phe-
nol (as a single substrate) inhibition occurred under these operating
conditions. Furthermore, the phenol biodegradation metabolites
fraction has continued to increase with the decrease of aera-
tion cycle time below 15.5 h. This behavior of the GSBR could be
explained by the reduction in the reaction (bio-oxidation) time,
as well as the increase of applied inlet load due to the increased
number of cycles per day (and thus the daily feed wastewater vol-
ume). The inlet phenol load applied to the GSBR at this phase of
the work was 0.5, 0.6, 0.71 and 0.86 kg/m?3 day at total cycle peri-
ods of 24, 20, 17 and 14 h, respectively. As an enzymatic inhibitor
[33], the increase of phenol load over the degradation capacity of
the biomass in the reactor might inhibit the complete metabolic
pathway that, in turn, resulted in the formation of intermediates.
Hence, the higher the inlet phenol load, the larger the inhibitory
effect and the greater the reaction time that is required to attain
complete degradation or mineralization.

As previously discussed, no experiments dealing with removal
of phenol from saline wastewater by using mixed cultures in GSBR

Table 4
Mean of inlet and outlet concentrations and removal efficiencies of phenol and COD
in the GSBR at different aeration cycle time under steady state performance.

Performance Aeration time (h)
19.5 15.5 125 9.5

Phenol

Outlet concentration (mg/L) 0 3.8 345 67.6

Removal efficiency (%) 100 99.6 96.6 93.2
coD

Outlet concentration (mg/L) 10.5 204 223 486.6

Removal efficiency (%) 99.5 99.1 90.2 78.6
Organic metabolites (mg COD/L) - 11.8 144.7 333.2

G. Moussavi et al. / Chemical Engineering Journal 158 (2010) 498-504

were found in the literature, and only a few were found for pure
cultures in SBR. Woolard and Irvin [11] investigated the perfor-
mance of a biofilm SBR for treating phenol in a saline wastewater
at hydraulic retention time (HRT) of 24 h, inlet COD concentration
of 290 mg/L and volumetric loading rate of 0.29 kg COD/m? day, and
reported the efficiency of 99% for COD removal. They repeated their
work on phenol removal from saline wastewater with SRB [12]
under operational condition of HRT of 24, inlet COD of 250 mg/L and
organic loading rate of 0.29 kg COD/m? day, finding a 99.5% removal
efficiency of COD. The GSBR experimented in this research oper-
ated at loading rate around three times greater than that reported
by Woolard and Irvine [11,12], attained complete removal of phe-
nol and had the same performance for COD elimination. The greater
performance of the GSBRin this research could be specifically due to
the existence of a high concentration of biomass granules contain-
ing an acclimated and active mixed culture capable of metabolizing
high concentrations of phenol and its metabolites.

3.3. Effect of filling time

Aunique feature of SBRwhen treating an inhibitory compound is
the mitigation of the inhibitory and toxicity effects of the substrate
on the microorganisms’ activity due to batch feeding and dilution of
entering compound(s). This results in a reduction of the concentra-
tion peak of the inhibitory compound [34,35] and an increase in the
reaction rate [19]. In this step of the experiment, the effect of filling
time ranging from 4 h down to 1 h was evaluated on the behavior
of the GSBR under previously optimized conditions, including aer-
ation time of 15.5 h and a phenol concentration of 1000 mg/L (COD
of 2270 mg/L). Other conditions were as presented in Table 2. This
step was design to study the filling time as one of the components
of a GSBR operation cycle. At each filling time, the GSBR was oper-
ated until a steady state in performance was achieved and then
continued for at least 5 consecutive days to gather the reportable
data. Fig. 4 illustrates the changes in removal efficiencies of phenol
and COD as a function of number of operated cycles under different
filling periods. The data plotted in Fig. 4 indicates that the phenol
removal efficiency decreased from 99.6% to 99%, when the time of
filling phase was decreased from 4 to 1h, denoting no improper
effect of the filling time on the phenol removal at the tested con-
ditions. Fig. 4 also shows that lowering the filling time from 4 to
1h resulted in decrease of the removal of COD from around 99%
to 97.5%, corresponding to increase of COD concentration of the
decanted effluent from around 20 to 56 mg/L. The relatively low
COD concentration at a filling time of as low as 1h reveals that
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the bio-oxidation of the phenol has been almost complete with-
out intermediate production. The value of COD measured can be
attributed to the biomass lyses [34,35]. Accordingly, the duration
of the filling phase in the GSBR under tested operating conditions
has little, if any, role in phenol removal from saline wastewater.

3.4. Effect of shock loading

Some industries discharge the processed wastewater sporadi-
cally, imparting shock to the biological processes in the treatment
system. The bioreactor has to be able to handle these undesirable
conditions in order to maintain stable performance. Therefore, a
part of this investigation was spent to determine if the GSBR could
handle the shock phenol loads and if shock loading affects the sys-
tem performance. To study the behavior of the developed GSBR,
100 mL of wastewater containing 1750 mg phenol, was added into
the reactor working at full volume while mixing by aeration. Other
conditions are presented in Table 2. Upon adding the solution and
mixing, the mixed liquor was sampled at time zero and at several
intervals throughout the experiment. The samples were analyzed
for phenol and COD. The concentrations of phenol and COD at the
beginning of the run, just after pouring the phenol solution into the
reactor and mixing, were measured 320 and 725 mg/L, respectively,
which is lower than the theoretical values. If no process other than
dilution affected the concentration, the initial phenol concentration
in the mixed liquor would have been around 435 mg/L. The dif-
ference of initial phenol concentration measurement to theoretical
value was 115 mg/L. Owing to the high concentration of the biomass
in the reactor and relatively high octanol-water partition coeffi-
cient of phenol (1.46), the deficitamount of phenol might have been
immediately adsorbed onto the granules in the reactor. This further
confirms that the GSBR containing a high concentration of biomass
is very advantageous for treatment of industrial wastewaters con-
taining inhibitor compounds, because of conferred advantages in
reducing shock, not only via dilution but also via initial biosorption
onto the biomass granules. Fig. 5 depicts the profile of phenol and
COD cumulative removal efficiencies during one cycle of the GSBR
under shock feeding. As seen in Fig. 5, the removal of phenol started
to increase immediately after injection and reached to above 99%
after 12 h aeration. The COD was also removed, with the highest
rate between hours 4 and 9 of operation, and reached to 10 mg/L
after 15 h reaction time (98.6% removal). Therefore, the GSBR was
resistant to the shock phenol loading and rapidly recovered from
it, and removed phenol and its corresponded COD effectively in a
relatively short period. These features present the GSBR as an effi-
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Fig. 5. Performance of the GSBR at slug feed condition for phenol and COD removal.

£ 100 4
]
99 | — 5
3 e
=
@
[ 98 A
[o]
5
5 97
O
© —a— phenol
T 96
@ —o— COD
©
c
S o5 i . . : : .
£ 20 30 40 50 60 70 80 90

Inlet TDS concentration (g/L)

Fig. 6. Average of phenol and COD removal efficiencies in the GSBR at various
wastewater TDS concentrations.

cient, reliable and stable process for removal of phenol from saline
wastewaters.

3.5. Effect of TDS concentration

The effect of salt content of the feed stream ranging from 3% to
8% was assessed on performance of the GSBR for removal of phenol
and COD. The GSBR was operated at each TDS concentration under
predetermined optimum condition listed in Table 2. The average
of phenol and COD removal efficiencies as a function of TDS con-
centration in the feed wastewater is illustrated in Fig. 6. Each point
in Fig. 6 represents the mean result of 10 cycles of GSBR opera-
tion under steady state conditions. It seems that the performance of
GSBR was not sensitive to TDS up to a concentration of 80 g/L, so that
the mean efficiencies stayed around 99% for both COD and phenol.
Again, stability of the GSBR versus the variation of the salt content
inrange of 3-8% can be related to establishing the biomass granules
containing high concentration of salt-adapted and/or halophilic
microorganisms. It can be concluded from above that operating
SBR with granular acclimated biomass with a mixed consortium
can achieve high performance for saline phenolic wastewater in
terms of phenol and COD removal under various operational con-
ditions. Ludzack and Noran [36] and Oren et al. [37] stated that
high concentration of salt in the influent has detrimental effects
on the performance of aerobic treatment processes. Nonetheless,
Woolard and Irvine [12] showed high phenol removal efficiency at
salt contents up to 15% using a SBR inoculated with the halophilic
cultures.

3.6. Sludge settling quality

The sludge volume index (SVI) was used to evaluate the sludge
settling quality of the biomass granules at the various operational
conditions, and to determine whether the salt content of wastew-
ater had a detrimental effect on effluent quality. The SVI of the
granules for TDS concentrations up to 80 g/L was between 15 and
25mlL/g, a value lower than the 50 mL/g that is usually accepted
as the lower limit for sludge bulking [38]. The effluent turbidity
was below 30 NTU during all experimental runs. In spite of the
detrimental effects of salt on sludge quality and settleability of
the suspended cells in the bioreactors [1], the granular biomass
in the investigated GSBR indicated high quality in terms of SVI.
Figueroa et al. [39] also determined a SVI of 30 mL/g VSS in an aer-
obic granular SBR treating saline wastewater with the salt content
up to 30 gNaCl/L. The lower SVI and effluent turbidity in the present
work can be related to granular nature of the biomass, and to the
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presence of a high concentration of calcium ion (200 mg/L) in the
feed wastewater, which accelerates the granulation process and
maintains the integrity of granules structure [40,41]. The improved
settleability of granules facilitates the separation of biomass from
the mixed liquor suspension and thus mitigates the separation
problems encountered in biological treatments of saline streams
using suspended growth bioreactors.

4. Conclusion

This work describes the performance of the GSBR for phenol
removal from saline wastewater. A bench scale GSBR was operated
toinvestigate the effect of operational variables including inlet phe-
nol and COD concentrations, filling and aerating cycle times, TDS
concentration, and shock feeding on the performance of the reactor.
The conclusions drawn from this study are summarized as follows:

e The performance of GSBR was not significantly affected by inlet

phenol concentrations up to 1500 mg/L with cycle time of 24 h,

where the removal efficiencies of both phenol and COD were over

99%.

Aeration time is an important variable affecting the phenol

removal from saline wastewater in the GSBR, such that reduc-

ing the aeration time below 15.5 h led to reduction of the phenol

and COD removal.

Filling phase period did not have a notable effect on the perfor-

mance of the GSBR as very high removal efficiency was achieved

with 1 h filling time.

The GSBR could effectively remove phenol and its corresponding

COD from the feed saline wastewater with TDS concentrations up

to 8%.

e The SVI of the granules for TDS concentrations up to 80 g/L was
between 15 and 25 mL/g, indicating high sludge settling quality.
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