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Abstract

Treatment of hydrocarbon-rich industrial wastewater in bioreactors using heterotrophic microorganisms is often associated with various oper-
ational problems. In this study, a consortium of phototrophic microorganisms and a bacterium is developed on the discs of a rotating biological
contactor (RBC) for treatment of wastewater containing diesel oil. The reactor was fed with oil degrading bacterium, Burkholderia cepacia and oil
tolerant phototrophic microorganisms. After biofilm formation and acclimatization to 0.6% (v/v) diesel, continuous-mode operation was initiated
at 21 h hydraulic retention time (HRT). Residual diesel in the effluent was 0.003%. Advantages of this system include good total petroleum hydro-
carbon (TPH) removal, no soluble carbon source requirement and good settleability of biosolids. Biofilm observations revealed the predominance
of B. cepacia and cyanobacteria (Phormidium, Oscillatoria and Chroococcus). The N:P ratio affected the relative dominance of the phototrophic
microorganisms and bacterial culture. This ratio was a critical factor in determining the performance efficiency of the reactor. At 21 h HRT and
organic loading of 27.33 ¢ TPH/m? d, the N:P ratio 28.5:1 and 38:1 both yielded high and almost comparable TPH and COD removal efficiencies.
This study presents a feasible technology for the treatment of hydrocarbon-rich wastewater from petrochemical industries and petroleum refineries.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Petrochemical industries and petroleum refineries generate
large amounts of priority pollutants. The major pollutants found
in these industries are petroleum hydrocarbons, specifically
aliphatic hydrocarbons, arising from storage of crude oil, spills,
wash downs and vessel clean-outs from processing operation.
Treatment of this wastewater is performed through a series of
on-site treatment technologies, such as, American petroleum
institute (API) separators, tilted plate interceptor (TPI) separa-
tors and dissolved air floatation (DAF) units. These operations
are followed by biological treatment in a suspended growth pro-
cess. However, these processes are typically associated with
numerous operational problems, which include: poor settleabil-
ity of the sludge due to low F/M (food to microorganism) ratio;
production of extra-cellular polymers consisting of lipids, pro-
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teins and carbohydrates that adversely affect sludge settling;
biological inhibition due to toxic compounds, which necessi-
tates very long sludge retention time; long period of acclimation
or start-up and production of large amount of biological sludge
[1,2]. Some of these problems can be avoided by replacing
the suspended growth process by fixed film biological reactors,
such as, the trickling filter and the rotating biological contac-
tor (RBC). The inherent advantages of RBC include good COD
removal efficiency and capability for handling toxic pollutants
[2]. Moreover, the rotating discs facilitate oxygen transfer in the
system, thus, eliminating the need for additional aerators.
Hydrocarbon degradation has been widely reported in
laboratory-scale batch studies [3—5]. However, studies demon-
strating biological treatment of hydrocarbon-rich wastewater in
continuous flow bioreactors are limited and need attention. Some
researchers have reported the degradation of low concentration
of hydrocarbons using bacterial cultures [2,6] and algal cultures
in bioreactors [7]. Compared to bacterial systems, bioreactors
utilizing a symbiotic association between algae and bacteria
have been reported to yield higher treatment efficiency [8—10].
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Moreover, under certain environmental conditions, algae can
facilitate spontaneous flocculation of bacteria to improve the
quality of the treated effluent.

In the coastal environment of the Arabian Gulf experi-
encing frequent oil pollution, oil degrading bacterial cultures
are found to associate with cyanobacterial (blue-green algae)
mats [11-13]. While some cyanobacterial cultures may play
a direct role in hydrocarbon degradation, others may facilitate
hydrocarbon degradation indirectly by providing surfaces for
adherence of oil degrading bacterial cultures [12—-16]. As aresult
of this association, the bacterial cultures are prevented from
being washed-out even under turbulent conditions. The removal
of high concentration of hydrocarbons by algal-bacterial sys-
tem has been primarily reported in lab-scale batch studies
[11,12,16,17]. However, there are no reports on the degradation
of high concentration of complex non-aqueous phase liquids
(NAPLs) using phototrophic microorganisms and bacterial cul-
tures in RBC. In the present study, the association between
oil-tolerant phototrophic microorganisms (comprising of green
algae and cyanobacteria) and an oil-degrading bacterium was
utilized for the treatment of diesel oil in a RBC. The effect of N:P
ratio on total petroleum hydrocarbons (TPH) and COD removal
was also studied. This ratio is likely to affect the relative domi-
nance of phototrophic microorganisms and the bacterium in the
reactor.

2. Materials and methods
2.1. Source of chemicals and cultures

All the chemicals used in this research work were of ana-
lytical grade and had high purity. Diesel purchased from a
petrol station (Bhandup, Mumbai, India) was artificially weath-
ered in a fume hood at room temperature over a period of
48 h and subsequently stored in an air-tight container. The bac-
terium, Burkholderia cepacia (IMTECH, Chandigarh, India,
MTCC 5332), enriched and isolated from Arabian Sea sedi-
ments [3] was used in this study. The culture was capable of
using aliphatic hydrocarbons and diesel oil as the sole source
of carbon and energy. The consortium of fresh water pho-
totrophic microorganisms was obtained from the surface of
rocks near Powai Lake (IIT Bombay, Mumbai, India). Inde-
pendent batch experiments revealed that these phototrophic
microorganisms could tolerate 0.8% diesel oil (unpublished
results).

2.2. Analytical techniques

The performance of the reactor was analyzed by measuring
the various parameters [18]. Measurement of COD for diesel oil
using the standard protocol resulted in very low COD compared
to the theoretical value. These results possibly occurred due to
the high influent diesel concentration (0.6%, v/v) and inability
in obtaining representative dilutions because of its immiscibility
with water. Thus, an attempt was made to modify the procedure
for COD measurement by increasing the normality of the oxidiz-
ing agent (0.1 M K»Cr,07) and enhancing the digestion period

employed in the conventional procedure while maintaining a
constant temperature of 150°C [18]. COD was measured for
various concentrations of diesel (0.2-0.6%, v/v). The digestion
period was varied from 2 to 12 h. Total biomass and abundance of
phototrophic microorganisms was determined by scrapping the
biofilm (1 cm x 1 cm) and subsequently determining the volatile
suspended solids (VSS) and chlorophyll-a by methanol extrac-
tion [19].

Concentration of TPH in the effluent samples was ana-
lyzed by gas chromatograph (GC) as discussed by Mohanty
and Mukherji [20] with minor modifications. The samples were
acidified and centrifuged at 10,000 rpm for 15 min with hexane
(5:1). After phase separation, the aqueous phase was sub-
jected to two serial hexane extractions (10:1). The combined
extract was first analyzed gravimetrically. Subsequently, after
adding the internal standard (IS) (Sa-andostane, 2 mg/mL), the
extracted samples were analyzed using a GC (Agilent Technolo-
gies, 6890N) equipped with FID detector and HPS capillary
column. The oven temperature programme used in this study
was as follows: initial temperature 50 °C with hold time 1 min;
ramping at 10 °C/min up to 150 °C with hold time 1 min; ramp-
ing at 5°C/min up to 175°C with hold time 1 min; ramping
at 40°C/min up to 200 °C with hold time 25 min. Valley to
valley integration was performed between retention time (RT)
4-35 min and the peak areas normalized to area of IS were added
to determine the concentration of diesel range resolved peaks
(DRRP). Since diesel oil is primarily composed of aliphatic
hydrocarbons; DRRP essentially serves as a measure of TPH.
Identification of n-alkanes was carried out based on relative RT
(normalized to IS) using a reference calibration mixture (D2887,
AccuStandard) [20].

2.3. Mass cultivation of cultures and reactor start-up

Mass cultivation of phototrophic microorganisms (3 L) was
carried out in Haffkin’s flasks, containing nutrient medium
having the following composition (mg/L): Di sodium EDTA
(0.5), citric acid (3), NapCO3-H,O (20), CaCl,-2H,0 (7),
MgS0O4-7H,0 (370), KCl (500), ferric ammonium citrate
(3), KoHPO4-3H,0 (21.75), KH2PO4 (8.5), NagHPO4 (33.4),
NaNOj3 (750) and trace elements [4]. This medium was designed
for optimal growth of B. cepacia and phototrophic microor-
ganisms [21]. The flasks were incubated under illumination
of 1000-11001x (Lutron LX-101, Mumbai) provided with an
incandescent bulb and at light:dark (L:D) cycle of 18:6 for 20
days. Simultaneously, B. cepacia (1L) was grown in a rotary
shaker setat 28 £+ 2 °C and 120 rpm (Trishul Equipments, Mum-
bai) with 1% (v/v) diesel and 1% (v/v) inoculum containing
10° MPN/mL. The mass cultivated bacterium was centrifuged
(15,000 rpm, 45 min) and the pellet was re-suspended in 1L
of fresh nutrient medium. Subsequently, the RBC trough was
filled with a suspension of these two cultures. Characteristics
of synthetic wastewater with 0.6% (v/v) diesel was as follows
(mg/L): alkalinity as CaCOj3 (58), NH4*"-N (0.066), NO3~-N
(40), PO43~-P (7), TCOD (4512.56) and TPH (4961.4). The pH
of the wastewater was 7.5. The design specification of the RBC
is shown in Table 1.
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Table 1

Reactor design and operating parameters for laboratory scale RBC
Specifications Values
Number of stages 3
No. of disc/stage 9
Diameter of the disc (mm) 140
Spacing between the disc (mm) 14
Cross-sectional area of tank (m?) 0.09
Total surface area of discs (m?) 0.83
Specific surface area of discs (m~) 206.75
Working volume (L) 4.0
Submergence (%) 35
Rotations per minute 10
Peripheral velocity (m/min) 0.7

2.4. Development of biofilm and acclimatization of biofilm
to complex NAPL, diesel

For development of the biofilm comprising of B. cepacia
and phototrophic microorganisms on the RBC discs, the reactor
was operated in batch mode with 0.2% (v/v) diesel. Throughout
the reactor studies, a constant L:D cycle of 18:6 was main-
tained with light intensity of 1000-11001x at the surface of the
trough. The reactor operation was conducted at room temper-
ature (28 £2°C). After development of biofilm on the RBC
discs, diesel concentration in the feed was gradually increased
by operating the reactor in semi-batch mode with hydraulic
retention time (HRT) of 24 h. The reactor contents were drained
out completely every day and homogenized by stirring on a
magnetic stirrer. An aliquot was filtered and subsequently ana-
lyzed for various parameters, such as, pH, alkalinity, NH4*-N,
NO3;~-N and PO43~-P. Another aliquot was allowed to settle for
30 min and the supernatant was analyzed for COD and TSS (total
suspended solids). Using an aliquot of the well mixed sample
without filtration, TPH was determined. The reactor was oper-
ated with 0.2% (v/v), 0.4% (v/v), 0.6% (v/v) and 0.8% (v/v)
diesel for a period of 10 days each. Subsequently, the reac-
tor was operated in a flow-through mode at 21 h HRT. The
nutrients and diesel were pumped separately using two peri-
staltic pumps (PP-50V, Electrolab, India and Miniplus 3, Gilson,
France).

2.5. Effect of N:P ratio

Performance of the reactor at varying N:P ratio (19:1, 28.5:1,
38:1 and 47.4:1) was studied at a fixed HRT (21 h) by vary-
ing the concentration of NaNOj3 in the synthetic wastewater,
while maintaining a constant concentration of phosphate salts
as determined through batch studies [21]. The studies were car-
ried out at a fixed diesel concentration of 0.6% (v/v) and organic
loading rate (OLR) of 27.33 g TPH/m? d. The corresponding
C:N:P ratios (mass basis) were 100:1.82:0.98, 100:2.73:0.98,
100:3.65:0.98 and 100:4.56:0.98, respectively. Effluent samples
were analyzed daily for various parameters. Each ratio was
studied for a period of 9-10 days under pseudo steady-state
condition.

2.6. Microscopic examination of biofilm and
characterization of various cultures

For observing the bacterial culture, a loop full of biomass
scrapped from the surface of the disc was inoculated in the nutri-
ent medium with 1% (v/v) diesel oil. After five serial transfers,
plating, streaking and isolation was performed. The colonies
were observed by Gram staining and microscopic examination
(Axio Star Plus, Carl Zeiss, Germany). Further, the culture was
inoculated with different types of hydrocarbon substrates (v/v),
i.e., 1% n-C16, 1% cyclohexane (cycloalkane), 0.1% naphtha-
lene (aromatic hydrocarbon) and 0.1% phthalic acid to observe
the substrate preferences for these cultures.

Simultaneously, characterization of phototrophic microor-
ganisms was performed. Cycloheximide was used to examine
the type of phototrophic microorganisms, since it is known to
restrict the growth of eukaryotes [22]. Morphology of these
microorganisms observed under the microscope was used for
characterizing them based on unicellular or filamentous struc-
ture, presence or absence of heterocysts, presence or absence of
spores, trichomes with false or true branching and presence or
absence of sheath [23]. The phototrophic microorganisms were
also tested for their nitrogen fixing ability by testing for the pres-
ence of nitrogenase using acetylene reduction technique [19].
Gas samples were analyzed using GC (Shimandzu GC 15A)
equipped with a 10% Carbowax 20 column and FID detector.
The oven temperature programme was as follows: initial tem-
perature 40 °C, with hold time 5 min, ramping at 10 °C/min up
to 70 °C, with hold time 5 min, with total run time of 14 min.
The experimental chromatograms obtained were compared with
the controls (devoid of the phototrophic microorganisms) and
with pure acetylene and ethylene chromatograms to establish
the presence/absence of ethylene. Estimation of water soluble
phycobiliprotein pigments [phycoerythrocyanin (PE), allophy-
cocyanin (APC) and C-phycocyanin (PC)] was also carried out
to test for the presence of cyanobacteria and rhodophyta in the
system [19].

5000
4500
4000+
3500 -
3000+
2500+
2000 -
1500
1000
500 -

0 ; i T T T T
6 8 10 12 14

Digestion Time (h)

COD (mg/L)

(=]
X
Y

——0.20% —u—0.40% —&—0.60%  —«—Effluent(<0.01%)

Fig. 1. COD estimation for various diesel concentrations using 0.1 M K> Cr, O7:
effect of digestion time (2—12 h) for digestion at 150 °C.
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2.7. Determination of residual oil in the biofilm

After operating the reactor in flow-through mode for a period
exceeding 1 year, flow was stopped and the reactor contents were
drained. Biomass covering the discs was collected by scrapping
and was autoclaved and dried. Subsequently, soxhlet extrac-
tion of biomass was performed to determine the mass of diesel
sorbed per unit mass of biomass. Since soxhlet extraction may
potentially extract out some portions of the biomass, autoclaved
samples of B. cepacia and phototrophic microorganisms, grown
in batch culture in the absence of diesel oil, were used as con-
trols. Residual oil in the extract was determined gravimetrically
and was also characterized by GC analysis.

3. Results and discussion

3.1. Standardization of COD determination for diesel and
characterization of diesel

During standardization of the COD determination procedure
for water containing 0.2-0.4% (v/v) diesel, it was observed that
with increase in digestion period from 2 to 6 h, the COD values
increased and subsequently stabilized after 6-8 h (Fig. 1). For
0.6% (v/v) diesel, the COD values stabilized at 4512.56 mg/L
after 8-12h of digestion. This indicates the requirement for
higher digestion time for high diesel concentration. For the
effluent samples containing very low concentration of diesel
(<0.01%), it was observed that increase in the digestion time
and normality of K, Cr,O7 had no significant impact on the COD
values. Thus, for the reactor studies, influent COD was estimated
using 0.1 M K;Cr,0O7 and 12 h digestion, while effluent COD
was estimated using the conventional procedure. Fig. 2 illus-
trates the abundance of various n-alkane components in DRRP
based on GC analysis for 0.6% (v/v) diesel. It was observed that
in this diesel sample, concentration of n-alkanes, C14 and C15
were highest.

3.2. Development of biofilm and acclimatization of biofilm
to diesel

Visual observations revealed the immobilization of pho-
totrophic microorganisms and bacterium on the surface of the

Table 2
Reduction in TPH and TCOD in RBC reactor during the acclimatization phase
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Fig. 2. Abundance of n-alkane components present in DRRP based on gas
chromatographic analysis of 0.6% (v/v) diesel.

discs after 17 days of inoculation. Table 2 represents percentage
TPH and TCOD removal during the acclimatization period. The
TCOD removal efficiency was found to increase with increase in
diesel concentration, whereas the TPH removal efficiency was
found to be almost constant at 98% up to 0.6% (v/v) diesel. When
concentration of diesel was increased from 0.6 to 0.8% (v/v), the
average TPH and TCOD concentration in the effluent increased
to 201 and 1158.75 mg/L, respectively. Simultaneously, slough-
ing of the biofilm was observed and TSS concentration in the
effluent increased from 20 to 200 mg/L. Thus, the influent oil
concentration was subsequently reduced to 0.6% (v/v).

3.3. Reactor performance

Table 3 depicts the average concentration of various parame-
ters in the effluent under pseudo-steady state condition at various
N:P ratios. Removal of various n-alkanes present in the diesel
was estimated based on GC analysis. It was found that at N:P
ratio of 28.5:1 and 38:1, almost complete removal of n-alkanes
from C9 to C20 were obtained (Fig. 3), and chromatograms
of the effluent primarily consisted of the unresolved complex
mixture (UCM) hump. At low N:P ratio of 19:1, almost com-
plete removal of n-alkanes from C9 to C16 was obtained and
removal efficiencies were similar to that at N:P ratio of 28.5

Run time (days) % Diesel in the influent (v/v)  TPH concentration® (mg/L) Total COD concentration® (mg/L)
Influent (mg/L)  Effluent® (mg/L) % Removal® Influentd (mg/L) Effluent® (mg/L) % Removal®
0-9 0.2 1653.8 26.73 (£6.57) 98.99 2677.30 (£14.08) 201.4 (£6.76) 92.48
10-19 0.4 3307.6 41.18 (£6.79) 98.76 3523.61 (£53.23) 114.60 (+9.37) 96.74
20-29 0.6 4961.4 93.78 (£8.41) 98.12 4512.56 (£14.75) 126.55 (+£12.48) 97.19
29-34 0.8 6615.2 201.38 (+44.12)  95.08 5406.38 (£15.52)  1158.75 (£64.36)  78.56

Values in the parentheses demonstrate standard error.
2 Determined by gravimetric analysis.

b Total COD is reported instead of soluble COD since residual TPH would tend to associate strongly to solids.

¢ Effluent and % Removal are both computed after achieving pseudo-steady state.

4 COD determination procedure required 0.1 M K,Cr,O5 and 12 h digestion time since representative dilutions cannot be prepared for NAPLs dispersed in aqueous

phase.
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Table 3
Summary of reactor performance at 21 h HRT at various N:P ratios

67

Parameters Influent Effluent at pseudo-steady state

19:12 28.5:12 38:12 47.4:12

26.5 39.7° 53.04° 66.3°

9¢ 10¢ 10¢ 9¢
pH 7.5 (£0.05) 7.88 (£0.028) 7.96 (£0.070) 8.21 (£0.043) 8.31 (£0.041)
Dissolved oxygen - 4.19 (£0.01) 5.86 (£0.25) 5.06 (£0.17) 4.06 (£0.18)
Total suspended solids - 119.33 (+6.24) 8.22 (£1.90) 21.14 (£7.69) 73.00 (£14.25)
Alkalinity (as CaCO3) 58.0 (£1) 457.77 (£3.64) 513.75 (£10.23) 477.14 (£9.17) 811.25(£21.93)
TPH by gravimetric analysis 4961.4¢ 74.83 (£3.32) 16.5 (£5.46) 27.71 (£1.50) 49.75 (£1.75)
TPH by GC analysis 4961.4¢ 68.95 (£3.27) 28.07 (£0.57) 28.34 (£1.10) 32.09 (£1.13)
TCOD® 4512.56 (£14.75) 692.20 (£19.99) 97.35 (£5.71) 134.52 (£13.25) 198.18 (£12.38)
NH*-N 0.066 (£0.007) 0.383 (£0.002) 0.398 (£0.006) 0.294 (£0.010) 0.322 (£0.066)
NO3™-N Varying 0.48 (£0.02) 3.89 (£0.66) 24.47 (£1.00) 1.67 (£0.08)
PO43~-P 6.2 (£0.5) 3.11 (£0.007) 3.73 (£0.854) 4.45 (£0.164) 2.36 (£0.419)

Note: All parameters are expressed in mg/L except pH, values in the parentheses demonstrate standard error; SS: Pseudo-steady state.

2 N:P Ratio.
® NO;~-N in influent.
¢SS duration (days).

4 Influent TPH reported are not measured values, these values were obtained based on the volumetric concentration of diesel (% v/v) and its density.
¢ TCOD includes COD due to TPH, non-biodegradable soluble organics and suspended cells.

and 38:1. However, low removal efficiencies were obtained for
n-alkanes from C17 to C20, with a minimum removal efficiency
of 96% for C17. At a high N:P ratio of 47.4:1, almost com-
plete removal of n-alkanes from C9 to C20 was obtained, except
for C17. Thus, C17 was found to be the most persistent n-
alkane at non-optimal N:P ratios. For diesel degradation studies
in batch cultures inoculated with B. cepacia and Exiguobac-
terium aurantiacum, Mohanty and Mukherji [20] demonstrated
that biodegradation caused a loss of symmetry in the distribu-
tion of n-alkanes in the residual diesel while the un-degraded
diesel yielded a symmetric n-alkane distribution (C9-C26)
with peak at C14-C15. After a 15 day biodegradation study,
the intermediate carbon number compounds (C16-C17) were
found to accumulate due to their high abundance, although the
maximum decay rate for these compounds was comparatively
higher. The abundance of a component in residual diesel was

101.00

attributed to factors, such as, maximum decay rate, duration
of active phase, initial abundance of the component and the
rate and extent of decay of other components in the complex
mixture.

Successful degradation of n-alkanes by cyanobacteria and
algal-bacterial association in batch systems is reported by
various researchers. The macroalgae, Padina, in association
with oil degrading bacterial cultures, i.e., Acinetobacter and
nocardioforms was reported to cause 98% degradation of n-
C18 [16]. Maximum degradation of n-C16 and n-C19 by
non-axenic cyanobacterial culture, Phormidium corium, from
oil contaminated sediments was found to be 60 and 22.2%,
respectively. In contrast, maximum consumption of n-C16
and n-C19 by non-axenic cyanobacterial culture, Microcoleus
chthanoplasts, was only 20.6 and 4.1%, respectively [12].
Moreover, pure strains of Aphanocapsa sp., Plectonema tere-
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Fig. 3. Removal of the n-alkane components in diesel at varying N:P ratios for the reactor operated at 21 h HRT and 27.33 g¢ TPH/m? d under pseudo steady-state

condition.
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Fig. 4. TPH and COD removal efficiencies for the reactor operated at varying
N:P ratios.

brans and Oscillatoria salina were found to degrade 65.2%,
60.1% and 48.4% of n-C16 (0.1%) in natural sea water within
10 days [14].

In this study, at N:P ratio of 19:1, 28.5:1, 38:1 and 47.4:1,
the TPH removal efficiencies were 98.6, 99.4, 99.4 and 99.3%,
respectively, and the corresponding COD removal efficiencies
were 84.6, 97.8, 97.0 and 95.6%, respectively (Fig. 4). Thus,
there is good correspondence between TPH and COD removal
efficiencies at N:P ratio of 28.5:1 and 38:1. The lower N:P
ratio of 28.5:1 requiring lower nitrogen source addition may
be considered as the optimum N:P ratio for performance of the
reactor.

Treatment of oil and oily wastewater by heterotrophic cul-
tures has been carried out in batch systems and in different types
of bioreactors, including RBC. In batch cultures with 1% diesel
oil, a pure strain of B. cepacia demonstrated 51% loss of diesel
over 15 days with greater than 70% degradation of n-alkanes.
The rate and extent of degradation of diesel by this culture was
significantly enhanced (66% degradation over 5 days) in the
presence of the emulsifying chemical surfactant, Triton X-100
[3,20]. RBC with polyurethane foam lined discs used for the
treatment of refinery wastewater (influent COD: 234-925 mg/L;
oil: 26-124 mg/L) could achieve a maximum of 85.7% COD
removal for OLR of 0.26-4.96 g TPH/m2d [2]. RBC with a
biofilm of the achlorophyllous algae, Prototheca zopfii fed with
amodel mixture of aliphatic hydrocarbons (n-C4, n-Cy5,1n-Cjg)
operated in batch mode could achieve 60% hydrocarbon removal
in 30 days [7].

In batch studies for hydrocarbon degradation using algal-
bacterial system, the hydrocarbon concentration employed was
found to range from 400 to 10,000mg/L and the degrada-
tion efficiency of mn-alkanes was in the range of 22-98%
[12,16,17,24]. The highest oil degradation in suspended growth
system was reported for association of algae obtained from
Oredege river (AS-45 and AS-47) with Rhodococcus sp.
7HX [24]. When algal-bacterial cultures were immobilized on
glass plates for removal of crude oil, the degradation was
found to be 83% [15]. However, in this study, the RBC
reactor with algal-bacterial biofilm was found to be success-

ful in achieving TCOD and TPH removal of 97.8% and
99.4%, respectively, at high influent TCOD (4512.5mg/L)
and TPH (4961.4 mg/L) concentration.

The effluent pH (7.8-8.3) and alkalinity (400-850 mg/L)
was always found to be higher than influent and was found to
increase with the increase in N:P ratio (Table 3). This obser-
vation is related to the consumption of CO;, by phototrophic
microorganisms. A good correlation was observed between
chlorophyll-a (representing phototrophic microorganisms on
the discs) and alkalinity in the system (2 =0.95). It has been
reported that, in open systems, phototrophic microorganisms
can reduce the free CO, concentration below its equilibrium
concentration with air and consequently cause an increase in
pH. These microorganisms can continue to extract CO, from
water until an inhibitory pH is reached (pH 10-11) [25]. It has
also been reported that assimilation of nitrate ions by actively
growing phototrophic microorganisms also tends to raise the
pH [19].

Dissolved oxygen (DO) in the effluent was always found to be
in the range of 4.0-5.8 mg/L under the ambient temperature con-
ditions (26-30 °C). The high level of DO in the system in-spite
of the high organic loading is also related to the photosynthetic
activity of the phototrophic microorganisms. Similar observa-
tion was reported in an algal-bacterial RBC for treatment of
low concentration of TCE [9]. The loading of ammonical nitro-
gen (NH4*-N) in the system was 0.00036 g/m? d. NH4*-N was
found to be higher in the effluent (0.2-0.4 mg/L) compared to
the influent (0.066 mg/L). During assimilation of nitrogen by
phototrophic microorganisms and heterotrophs, nitrate nitrogen
is first reduced to NH4*-N through four reducing steps [19]. It
was found that NH4*-N loading in this study was much lower
than in the algal-bacterial system studied by Sahu [9] (0.2-0.8 g
NH4*-N/m? d). Moreover, in their study, the NH4*-N decreased
in the effluent (42—-0.84 mg/L).

AtN:Pratioof 19:1, 28.5:1, 38:1 and 47.4:1 (mole basis), the
nitrate (NO3~-N) removal efficiencies were 95.77%, 92.36%,
52.0% and 97.48%, respectively. At N:P ratio of 38:1, NO3~-N
removal was much lower than at the other N:P ratios. Corre-
spondingly, the density of phototrophic microorganisms on the
disc (chlorophyll-a, mg/cm?) and the effluent alkalinity was
much lower than the expected trend. The total algal growth on
the discs was found to be similar to that at the low N:P ratio of
19:1. Thus, similar NO3 ~-N utilization in these two scenarios is
expected. Since, the influent NO3 ™ -N concentration is higher at
N:P of 38:1, the NO3 ™ -N removal efficiency is lower (Table 3).
Thus, the N:P ratio is a critical factor determining the relative
abundance of phototrophic microorganisms and bacterium in the
system and is an important factor determining the performance
of the reactor.

Variation in the total biomass (phototrophic microorganisms
and bacterial biomass) on the RBC discs in different stages of
the reactor at varying N:P ratio is illustrated in Fig. 5 as VSS
(mg/cmz). At the low N:P ratio of 19:1, total biomass was found
to be comparatively lower in all the stages of the reactor. Atall the
N:P ratios, biomass of phototrophic microorganisms was found
to be highest in the IIIrd stage of the reactor (Fig. 6). Growth of
these microorganisms in the IInd and IIIrd stage of the reactor
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Fig. 5. Total attached biomass of phototrophic microorganisms and bacteria on
RBC discs (VSS, mg/cm?) in the Ist, ITnd and ITIrd stage for the reactor operated
at varying N:P ratios.

was found to be lower at N:P ratios of 19:1 and 38:1 compared
to the other N:P ratios. From Table 3, it can be observed that
alkalinity in the effluent increased for all N:P ratios. Maximum
increase in alkalinity was observed at the highest N:P ratio of
47.4:1 which also corresponded with the highest chlorophyll-a
concentration on RBC discs.

Minimum total suspended solids (8—20 mg/L) were observed
in the effluent at N:P ratio of 28.5:1 and 38:1. At the lowest N:P
ratio of 19:1 and at the highest N:P ratio of 47.4:1, the average
effluent TSS concentration was found to be 120 and 73 mg/L,
respectively. At N:P ratio of 19:1, sloughing was observed in the
IInd and I1Ird stage of the reactor at the end of the 9th day. At N:P
ratio of 47.4:1, high growth of microorganisms was observed in
suspension in the Ist and IInd stage of the reactor. These studies
also demonstrate that the optimum N:P ratio for degradation of
diesel in this system is 28.5:1.

The optimal N:P ratio for the degradation of diesel oil
obtained in this study was found to be same as that reported for
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Fig. 6. Phototrophic microorganisms attached on RBC discs (chlorophyll-a,
mg/cm?) in the Ist, IInd and IIIrd stage for reactor operation at varying N:P
ratios.

batch studies with B. cepacia and a consortium of marine algal
culture [21]. For the degradation of crude oil (C10-C40) in algal-
bacterial suspended growth batch systems, some researchers
have reported degradation at a low N:P ratio of 0.98:1 (mole
basis) [11,13,16], whereas, other researchers have reported
degradation at a relatively higher N:P ratio of 23.9:1 (mole
basis) [17]. For the degradation of aromatic pollutants in algal-
bacterial suspended growth batch studies, N:P ratio of 1.01:1
(mole basis) was utilized [10]. When treatment of 1% crude oil
was studied by immobilizing oil degrading bacterial cultures
and cyanobacterial cultures on glass plates and gravel particles
[15], a ratio of 4.04:1 was found to result in high degradation
of crude oil. For the treatment of palm-oil mill wastewater in
a suspended growth reactor, N:P ratio of 4.41:1 (mole basis)
was used for facilitating the growth of Chlorella pyrenoidosa
and various other microorganisms [26]. During the treatment
of crude oil in a packed column reactor filled with perlite, N:P
ratio of 3.26:1 (mole basis) was used for growing cyanobac-
terial mats from Ebro Delta [27]. The optimum N:P ratio for
the degradation of nitrobenzene and TCE [8,9] was found to be
0.9:1 (mole basis) for RBC reactors with algal-bacterial biofilm.
In this study, although the N:P ratio is relatively higher, the con-
centration of nitrogen and phosphorus sources in the influent
is much lower compared to most other studies reported in the
literature.

This treatment process was found to provide significant
advantages over traditionally used oily wastewater treatment
technologies. The specific advantages include: no soluble sub-
strate/additional carbon source requirement; low requirement
for nitrogen and phosphorus sources; capability of handling
relatively high concentration of oil; good effluent quality with
very low residual concentration of oil and COD; lower sludge
generation rate; good settleability of sludge; high DO levels
maintained by rotation of the discs and photosynthetic activity of
the phototrophic microorganisms; and alkalinity generation due
to phototrophic microorganisms. High alkalinity can counter the
tendency for pH drop caused by accumulation of acidic interme-
diates during degradation of hydrocarbons by bacterial cultures.
The lower sludge generation rate reduces the problems asso-
ciated with sludge treatment and disposal. In treatment units
employing oil degrading cultures, sludge settleability problems
are commonly encountered, hence, enhanced settleability due
to presence of phototrophic microorganisms is a distinct bene-
fit. Due to its ability to handle relatively high concentration of
oil, this biological treatment process may be employed as a sin-
gle step process in industries generating oily wastewater, after
recycling the recoverable oil.

3.4. Biofilm observations

Two types of colonies were observed after streaking the het-
erotrophic culture. The transparent colonies consisting of Gram
negative and rod shaped cells characterized B. cepacia that
was spiked into the reactor (Fig. 7a). Another distinct colony
type comprising of white opaque colonies, larger in size than
those of B. cepacia was also observed. Microscopic examina-
tion without staining revealed that the white opaque colony was
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Fig. 7. Microscopic examination of cultures present in the biofilm of the reactor, (a) B. cepacia, (b) yeast culture and (c) cyanobacterial cultures.

a unicellular fungus and appeared to reproduce by budding,
which is typical of yeast (Fig. 7b). Moreover, when the pref-
erence to the different type of substrates was studied, it was
observed that both the cultures could only use n-hexadecane
(present in aliphatic fraction of diesel) as the sole source of car-
bon and energy. These studies show that both the cultures could
not grow on the other hydrocarbon fractions in the complex
NAPL.

Based on the cycloheximide test, it was concluded that the
phototrophic culture contained both green algae and cyanobac-
teria. Microscopic examination of the cyanobacterial culture
(Fig. 7c) revealed the predominance of Phormidium. Phormid-
ium was characterized by its distinct filaments, trichomes with
false branching, without heterocysts, absence of spores and fil-
aments forming a thallus with more or less confluent sheath.
The other species of cyanobacteria present included Oscil-
latoria and Chroococcus. Oscillatoria was characterized by
its distinct filaments, trichomes with false branching, without
heterocysts, absence of spores, clearly visible cells in the tri-
chome, more or less straight trichomes not spirally coiled and
absence of sheath. Chroococcus was characterized by its uni-
cellular/united colonies with colorless individual sheath and
by the non-vesicular spherical cells [23]. The cyanobacte-
rial cultures were unable to reduce acetylene to ethylene in
the acetylene reduction test, thus indicating the absence of
nitrogenase activity and absence of heterocysts. Estimation
of phycobiliprotein pigments for the cyanobacterial consortia
yielded the concentration of PE, APC and PC as 35.41, 76.14

and 22.56 mg/mL, respectively. These values were found to be
greater than those present in a pure strain of Oscillatoria BDU
100731 (obtained from NFMC, Tiruchirappalli, India), which
contained 20, 46 and 14 mg/mL of PE, APC and PC, respec-
tively.

3.5. Residual oil in the biofilm

Upon termination of reactor operation after continuously
operating the reactor for more than a year, 82.11 g of dry biomass
and sorbed oil was collected from the RBC discs. The mass of
oil associated with 1 g of biomass was 0.582 g over and above
the controls (biomass assumed to have equal abundance of B.
cepacia and phototrophic microorganisms). Gravimetric anal-
ysis revealed that negligible mass of cellular components was
extracted out from B. cepacia and phototrophic microorganisms
during soxhlet extraction, i.e., 0.086 and 0.026 g/g, respectively.
The GC chromatogram of the extracted oil did not contain any of
the resolved n-alkane peaks typically present in diesel (Fig. 8a).
The extracted oil primarily consisted of the unresolved complex
mixture (UCM) hump representing the un-degraded aromatic
fraction of diesel (Fig. 8b). The extract of B. cepacia and pho-
totrophic microorganisms grown in the absence of oil, showed
very few peaks in the GC chromatograms. These results con-
firm that bulk of the oil representing the aliphatic fraction is
biodegraded by the biofilm on the RBC discs while the aromatic
fraction of oil accumulates on the biofilm. Moreover, TPH in
the effluent is also primarily composed of the aromatic fraction.
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Fig. 8. GC chromatogram of (a) diesel and (b) oil associated with the biofilm recovered from RBC discs.

These results are expected since none of the microorganisms
constituting the biofilm were capable of degrading the aromatic
hydrocarbons in diesel.

4. Conclusions

The present study indicates that association of phototrophic
microorganisms and bacterium can result in better TPH removal
efficiency as compared to systems employing only heterotrophic
cultures in bioreactors. At N:P ratio of 19:1, 28.5:1, 38:1 and
47.4:1, the TPH removal efficiencies were found to be 98.6%,
99.4%, 99.4% and 99.3%, respectively and TCOD removal effi-
ciencies were found to be 84.6%, 97.8%, 97.0% and 95.6%,
respectively, at a HRT of 21 h and OLR of 27.33 g TPH/m? d.
N:P ratios 28.5:1 and 38:1 were found to yield the best efflu-
ent quality marked by low TPH, TCOD and TSS concentration.
This association of B. cepacia and phototrophic microorganisms
at a reactor scale could overcome various operational prob-
lems commonly associated with hydrocarbon degradation. The
major advantages of this system apart from high TPH removal

efficiency include good settleability of sludge, low phosphorus
requirement, no soluble carbon source requirement and pH sta-
bility. Thus, although RBCs are well known for treatment of
low-strength wastewater using bacterial cultures, RBCs utiliz-
ing the association of phototrophic microorganisms and bacteria
can effectively treat wastewater with high organic loading. This
study presents a feasible technology for the treatment of wastew-
ater generated from petrochemical industries and petroleum
refineries using algal-bacterial biofilm in RBC.
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