
A

a
c
t
a
c
o
m
o
T
©

K

1

l
i
a
w
T
o
i
t
a
c
n
i
p

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 154 (2008) 63–72

Treatment of hydrocarbon-rich wastewater using oil degrading bacteria
and phototrophic microorganisms in rotating biological

contactor: Effect of N:P ratio

Anal Chavan, Suparna Mukherji ∗
Centre for Environmental Science and Engineering (CESE), Indian Institute of Technology (Bombay), Powai, Mumbai 400076, India

Received 1 May 2007; received in revised form 26 September 2007; accepted 26 September 2007
Available online 2 October 2007

bstract

Treatment of hydrocarbon-rich industrial wastewater in bioreactors using heterotrophic microorganisms is often associated with various oper-
tional problems. In this study, a consortium of phototrophic microorganisms and a bacterium is developed on the discs of a rotating biological
ontactor (RBC) for treatment of wastewater containing diesel oil. The reactor was fed with oil degrading bacterium, Burkholderia cepacia and oil
olerant phototrophic microorganisms. After biofilm formation and acclimatization to 0.6% (v/v) diesel, continuous-mode operation was initiated
t 21 h hydraulic retention time (HRT). Residual diesel in the effluent was 0.003%. Advantages of this system include good total petroleum hydro-
arbon (TPH) removal, no soluble carbon source requirement and good settleability of biosolids. Biofilm observations revealed the predominance

f B. cepacia and cyanobacteria (Phormidium, Oscillatoria and Chroococcus). The N:P ratio affected the relative dominance of the phototrophic
icroorganisms and bacterial culture. This ratio was a critical factor in determining the performance efficiency of the reactor. At 21 h HRT and

rganic loading of 27.33 g TPH/m2 d, the N:P ratio 28.5:1 and 38:1 both yielded high and almost comparable TPH and COD removal efficiencies.
his 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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. Introduction

Petrochemical industries and petroleum refineries generate
arge amounts of priority pollutants. The major pollutants found
n these industries are petroleum hydrocarbons, specifically
liphatic hydrocarbons, arising from storage of crude oil, spills,
ash downs and vessel clean-outs from processing operation.
reatment of this wastewater is performed through a series of
n-site treatment technologies, such as, American petroleum
nstitute (API) separators, tilted plate interceptor (TPI) separa-
ors and dissolved air floatation (DAF) units. These operations
re followed by biological treatment in a suspended growth pro-
ess. However, these processes are typically associated with

umerous operational problems, which include: poor settleabil-
ty of the sludge due to low F/M (food to microorganism) ratio;
roduction of extra-cellular polymers consisting of lipids, pro-

∗ Corresponding author. Tel.: +91 22 2576 7854; fax: +91 22 2576 4650.
E-mail address: mitras@iitb.ac.in (S. Mukherji).
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eins and carbohydrates that adversely affect sludge settling;
iological inhibition due to toxic compounds, which necessi-
ates very long sludge retention time; long period of acclimation
r start-up and production of large amount of biological sludge
1,2]. Some of these problems can be avoided by replacing
he suspended growth process by fixed film biological reactors,
uch as, the trickling filter and the rotating biological contac-
or (RBC). The inherent advantages of RBC include good COD
emoval efficiency and capability for handling toxic pollutants
2]. Moreover, the rotating discs facilitate oxygen transfer in the
ystem, thus, eliminating the need for additional aerators.

Hydrocarbon degradation has been widely reported in
aboratory-scale batch studies [3–5]. However, studies demon-
trating biological treatment of hydrocarbon-rich wastewater in
ontinuous flow bioreactors are limited and need attention. Some
esearchers have reported the degradation of low concentration

f hydrocarbons using bacterial cultures [2,6] and algal cultures
n bioreactors [7]. Compared to bacterial systems, bioreactors
tilizing a symbiotic association between algae and bacteria
ave been reported to yield higher treatment efficiency [8–10].

mailto:mitras@iitb.ac.in
dx.doi.org/10.1016/j.jhazmat.2007.09.106
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oreover, under certain environmental conditions, algae can
acilitate spontaneous flocculation of bacteria to improve the
uality of the treated effluent.

In the coastal environment of the Arabian Gulf experi-
ncing frequent oil pollution, oil degrading bacterial cultures
re found to associate with cyanobacterial (blue-green algae)
ats [11–13]. While some cyanobacterial cultures may play
direct role in hydrocarbon degradation, others may facilitate

ydrocarbon degradation indirectly by providing surfaces for
dherence of oil degrading bacterial cultures [12–16]. As a result
f this association, the bacterial cultures are prevented from
eing washed-out even under turbulent conditions. The removal
f high concentration of hydrocarbons by algal-bacterial sys-
em has been primarily reported in lab-scale batch studies
11,12,16,17]. However, there are no reports on the degradation
f high concentration of complex non-aqueous phase liquids
NAPLs) using phototrophic microorganisms and bacterial cul-
ures in RBC. In the present study, the association between
il-tolerant phototrophic microorganisms (comprising of green
lgae and cyanobacteria) and an oil-degrading bacterium was
tilized for the treatment of diesel oil in a RBC. The effect of N:P
atio on total petroleum hydrocarbons (TPH) and COD removal
as also studied. This ratio is likely to affect the relative domi-
ance of phototrophic microorganisms and the bacterium in the
eactor.

. Materials and methods

.1. Source of chemicals and cultures

All the chemicals used in this research work were of ana-
ytical grade and had high purity. Diesel purchased from a
etrol station (Bhandup, Mumbai, India) was artificially weath-
red in a fume hood at room temperature over a period of
8 h and subsequently stored in an air-tight container. The bac-
erium, Burkholderia cepacia (IMTECH, Chandigarh, India,

TCC 5332), enriched and isolated from Arabian Sea sedi-
ents [3] was used in this study. The culture was capable of

sing aliphatic hydrocarbons and diesel oil as the sole source
f carbon and energy. The consortium of fresh water pho-
otrophic microorganisms was obtained from the surface of
ocks near Powai Lake (IIT Bombay, Mumbai, India). Inde-
endent batch experiments revealed that these phototrophic
icroorganisms could tolerate 0.8% diesel oil (unpublished

esults).

.2. Analytical techniques

The performance of the reactor was analyzed by measuring
he various parameters [18]. Measurement of COD for diesel oil
sing the standard protocol resulted in very low COD compared
o the theoretical value. These results possibly occurred due to
he high influent diesel concentration (0.6%, v/v) and inability

n obtaining representative dilutions because of its immiscibility
ith water. Thus, an attempt was made to modify the procedure

or COD measurement by increasing the normality of the oxidiz-
ng agent (0.1 M K2Cr2O7) and enhancing the digestion period

(
(
o
i
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mployed in the conventional procedure while maintaining a
onstant temperature of 150 ◦C [18]. COD was measured for
arious concentrations of diesel (0.2–0.6%, v/v). The digestion
eriod was varied from 2 to 12 h. Total biomass and abundance of
hototrophic microorganisms was determined by scrapping the
iofilm (1 cm × 1 cm) and subsequently determining the volatile
uspended solids (VSS) and chlorophyll-a by methanol extrac-
ion [19].

Concentration of TPH in the effluent samples was ana-
yzed by gas chromatograph (GC) as discussed by Mohanty
nd Mukherji [20] with minor modifications. The samples were
cidified and centrifuged at 10,000 rpm for 15 min with hexane
5:1). After phase separation, the aqueous phase was sub-
ected to two serial hexane extractions (10:1). The combined
xtract was first analyzed gravimetrically. Subsequently, after
dding the internal standard (IS) (5�-andostane, 2 mg/mL), the
xtracted samples were analyzed using a GC (Agilent Technolo-
ies, 6890N) equipped with FID detector and HP5 capillary
olumn. The oven temperature programme used in this study
as as follows: initial temperature 50 ◦C with hold time 1 min;

amping at 10 ◦C/min up to 150 ◦C with hold time 1 min; ramp-
ng at 5 ◦C/min up to 175 ◦C with hold time 1 min; ramping
t 40 ◦C/min up to 200 ◦C with hold time 25 min. Valley to
alley integration was performed between retention time (RT)
–35 min and the peak areas normalized to area of IS were added
o determine the concentration of diesel range resolved peaks
DRRP). Since diesel oil is primarily composed of aliphatic
ydrocarbons; DRRP essentially serves as a measure of TPH.
dentification of n-alkanes was carried out based on relative RT
normalized to IS) using a reference calibration mixture (D2887,
ccuStandard) [20].

.3. Mass cultivation of cultures and reactor start-up

Mass cultivation of phototrophic microorganisms (3 L) was
arried out in Haffkin’s flasks, containing nutrient medium
aving the following composition (mg/L): Di sodium EDTA
0.5), citric acid (3), Na2CO3·H2O (20), CaCl2·2H2O (7),

gSO4·7H2O (370), KCl (500), ferric ammonium citrate
3), K2HPO4·3H2O (21.75), KH2PO4 (8.5), Na2HPO4 (33.4),
aNO3 (750) and trace elements [4]. This medium was designed

or optimal growth of B. cepacia and phototrophic microor-
anisms [21]. The flasks were incubated under illumination
f 1000–1100 lx (Lutron LX-101, Mumbai) provided with an
ncandescent bulb and at light:dark (L:D) cycle of 18:6 for 20
ays. Simultaneously, B. cepacia (1 L) was grown in a rotary
haker set at 28 ± 2 ◦C and 120 rpm (Trishul Equipments, Mum-
ai) with 1% (v/v) diesel and 1% (v/v) inoculum containing
09 MPN/mL. The mass cultivated bacterium was centrifuged
15,000 rpm, 45 min) and the pellet was re-suspended in 1 L
f fresh nutrient medium. Subsequently, the RBC trough was
lled with a suspension of these two cultures. Characteristics
f synthetic wastewater with 0.6% (v/v) diesel was as follows

mg/L): alkalinity as CaCO3 (58), NH4

+-N (0.066), NO3
−-N

40), PO4
3−-P (7), TCOD (4512.56) and TPH (4961.4). The pH

f the wastewater was 7.5. The design specification of the RBC
s 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 (m2) 0.09
Total surface area of discs (m2) 0.83
Specific surface area of discs (m−1) 206.75
Working volume (L) 4.0
Submergence (%) 35
Rotations per minute 10
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cocyanin (APC) and C-phycocyanin (PC)] was also carried out
to test for the presence of cyanobacteria and rhodophyta in the
system [19].
eripheral velocity (m/min) 0.7

.4. Development of biofilm and acclimatization of biofilm
o complex NAPL, diesel

For development of the biofilm comprising of B. cepacia
nd phototrophic microorganisms on the RBC discs, the reactor
as operated in batch mode with 0.2% (v/v) diesel. Throughout

he reactor studies, a constant L:D cycle of 18:6 was main-
ained with light intensity of 1000–1100 lx at the surface of the
rough. The reactor operation was conducted at room temper-
ture (28 ± 2 ◦C). After development of biofilm on the RBC
iscs, diesel concentration in the feed was gradually increased
y operating the reactor in semi-batch mode with hydraulic
etention time (HRT) of 24 h. The reactor contents were drained
ut completely every day and homogenized by stirring on a
agnetic stirrer. An aliquot was filtered and subsequently ana-

yzed for various parameters, such as, pH, alkalinity, NH4
+-N,

O3
−-N and PO4

3−-P. Another aliquot was allowed to settle for
0 min and the supernatant was analyzed for COD and TSS (total
uspended solids). Using an aliquot of the well mixed sample
ithout filtration, TPH was determined. The reactor was oper-

ted with 0.2% (v/v), 0.4% (v/v), 0.6% (v/v) and 0.8% (v/v)
iesel for a period of 10 days each. Subsequently, the reac-
or was operated in a flow-through mode at 21 h HRT. The
utrients and diesel were pumped separately using two peri-
taltic pumps (PP-50V, Electrolab, India and Miniplus 3, Gilson,
rance).

.5. Effect of N:P ratio

Performance of the reactor at varying N:P ratio (19:1, 28.5:1,
8:1 and 47.4:1) was studied at a fixed HRT (21 h) by vary-
ng the concentration of NaNO3 in the synthetic wastewater,
hile maintaining a constant concentration of phosphate salts

s determined through batch studies [21]. The studies were car-
ied out at a fixed diesel concentration of 0.6% (v/v) and organic
oading rate (OLR) of 27.33 g TPH/m2 d. The corresponding
:N:P ratios (mass basis) were 100:1.82:0.98, 100:2.73:0.98,
00:3.65:0.98 and 100:4.56:0.98, respectively. Effluent samples

ere analyzed daily for various parameters. Each ratio was

tudied for a period of 9–10 days under pseudo steady-state
ondition.

F
e

rdous Materials 154 (2008) 63–72 65

.6. Microscopic examination of biofilm and
haracterization of various cultures

For observing the bacterial culture, a loop full of biomass
crapped from the surface of the disc was inoculated in the nutri-
nt medium with 1% (v/v) diesel oil. After five serial transfers,
lating, streaking and isolation was performed. The colonies
ere observed by Gram staining and microscopic examination

Axio Star Plus, Carl Zeiss, Germany). Further, the culture was
noculated with different types of hydrocarbon substrates (v/v),
.e., 1% n-C16, 1% cyclohexane (cycloalkane), 0.1% naphtha-
ene (aromatic hydrocarbon) and 0.1% phthalic acid to observe
he substrate preferences for these cultures.

Simultaneously, characterization of phototrophic microor-
anisms was performed. Cycloheximide was used to examine
he type of phototrophic microorganisms, since it is known to
estrict the growth of eukaryotes [22]. Morphology of these
icroorganisms observed under the microscope was used for

haracterizing them based on unicellular or filamentous struc-
ure, presence or absence of heterocysts, presence or absence of
pores, trichomes with false or true branching and presence or
bsence of sheath [23]. The phototrophic microorganisms were
lso tested for their nitrogen fixing ability by testing for the pres-
nce of nitrogenase using acetylene reduction technique [19].
as samples were analyzed using GC (Shimandzu GC 15A)

quipped with a 10% Carbowax 20 column and FID detector.
he oven temperature programme was as follows: initial tem-
erature 40 ◦C, with hold time 5 min, ramping at 10 ◦C/min up
o 70 ◦C, with hold time 5 min, with total run time of 14 min.
he experimental chromatograms obtained were compared with

he controls (devoid of the phototrophic microorganisms) and
ith pure acetylene and ethylene chromatograms to establish

he presence/absence of ethylene. Estimation of water soluble
hycobiliprotein pigments [phycoerythrocyanin (PE), allophy-
ig. 1. COD estimation for various diesel concentrations using 0.1 M K2Cr2O7:
ffect of digestion time (2–12 h) for digestion at 150 ◦C.
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.7. Determination of residual oil in the biofilm

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

. Results and discussion

.1. Standardization of COD determination for diesel and
haracterization of diesel

During standardization of the COD determination procedure
or water containing 0.2–0.4% (v/v) diesel, it was observed that
ith increase in digestion period from 2 to 6 h, the COD values

ncreased and subsequently stabilized after 6–8 h (Fig. 1). For
.6% (v/v) diesel, the COD values stabilized at 4512.56 mg/L
fter 8–12 h of digestion. This indicates the requirement for
igher digestion time for high diesel concentration. For the
ffluent samples containing very low concentration of diesel
<0.01%), it was observed that increase in the digestion time
nd normality of K2Cr2O7 had no significant impact on the COD
alues. Thus, for the reactor studies, influent COD was estimated
sing 0.1 M K2Cr2O7 and 12 h digestion, while effluent COD
as estimated using the conventional procedure. Fig. 2 illus-

rates the abundance of various n-alkane components in DRRP
ased on GC analysis for 0.6% (v/v) diesel. It was observed that
n this diesel sample, concentration of n-alkanes, C14 and C15
ere highest.

.2. Development of biofilm and acclimatization of biofilm

o diesel

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

o
m
p
r

able 2
eduction in TPH and TCOD in RBC reactor during the acclimatization phase

un time (days) % Diesel in the influent (v/v) TPH concentrationa (mg/L)

Influent (mg/L) Effluentc (mg

0–9 0.2 1653.8 26.73 (±6.57
0–19 0.4 3307.6 41.18 (±6.79
0–29 0.6 4961.4 93.78 (±8.41
9–34 0.8 6615.2 201.38 (±44.1

alues in the parentheses demonstrate standard error.
a Determined by gravimetric analysis.
b Total COD is reported instead of soluble COD since residual TPH would tend to
c Effluent and % Removal are both computed after achieving pseudo-steady state.
d COD determination procedure required 0.1 M K2Cr2O7 and 12 h digestion time sin
hase.
ig. 2. Abundance of n-alkane components present in DRRP based on gas
hromatographic analysis of 0.6% (v/v) diesel.

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

.3. Reactor performance

Table 3 depicts the average concentration of various parame-
ers in the effluent under pseudo-steady state condition at various
:P ratios. Removal of various n-alkanes present in the diesel
as estimated based on GC analysis. It was found that at N:P

atio of 28.5:1 and 38:1, almost complete removal of n-alkanes
rom C9 to C20 were obtained (Fig. 3), and chromatograms

f the effluent primarily consisted of the unresolved complex
ixture (UCM) hump. At low N:P ratio of 19:1, almost com-

lete removal of n-alkanes from C9 to C16 was obtained and
emoval efficiencies were similar to that at N:P ratio of 28.5

Total COD concentrationb (mg/L)

/L) % Removalc Influentd (mg/L) Effluentc (mg/L) % Removalc

) 98.99 2677.30 (±14.08) 201.4 (±6.76) 92.48
) 98.76 3523.61 (±53.23) 114.60 (±9.37) 96.74
) 98.12 4512.56 (±14.75) 126.55 (±12.48) 97.19
2) 95.08 5406.38 (±15.52) 1158.75 (±64.36) 78.56

associate strongly to solids.

ce representative dilutions cannot be prepared for NAPLs dispersed in aqueous
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Table 3
Summary of reactor performance at 21 h HRT at various N:P ratios

Parameters Influent Effluent at pseudo-steady state

19:1a 28.5:1a 38:1a 47.4:1a

26.5b 39.7b 53.04b 66.3b

9c 10c 10c 9c

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 4961.4d 74.83 (±3.32) 16.5 (±5.46) 27.71 (±1.50) 49.75 (±1.75)
TPH by GC analysis 4961.4d 68.95 (±3.27) 28.07 (±0.57) 28.34 (±1.10) 32.09 (±1.13)
TCODe 4512.56 (±14.75) 692.20 (±19.99) 97.35 (±5.71) 134.52 (±13.25) 198.18 (±12.38)
NH4+-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)
PO4

3−-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.
a N:P Ratio.
b NO3

−-N in influent.
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c SS duration (days).
d Influent TPH reported are not measured values, these values were obtained
e TCOD includes COD due to TPH, non-biodegradable soluble organics and

nd 38:1. However, low removal efficiencies were obtained for
-alkanes from C17 to C20, with a minimum removal efficiency
f 96% for C17. At a high N:P ratio of 47.4:1, almost com-
lete removal of n-alkanes from C9 to C20 was obtained, except
or C17. Thus, C17 was found to be the most persistent n-
lkane at non-optimal N:P ratios. For diesel degradation studies
n batch cultures inoculated with B. cepacia and Exiguobac-
erium aurantiacum, Mohanty and Mukherji [20] demonstrated
hat biodegradation caused a loss of symmetry in the distribu-
ion of n-alkanes in the residual diesel while the un-degraded
iesel yielded a symmetric n-alkane distribution (C9–C26)
ith peak at C14–C15. After a 15 day biodegradation study,

he intermediate carbon number compounds (C16–C17) were

ound to accumulate due to their high abundance, although the
aximum decay rate for these compounds was comparatively

igher. The abundance of a component in residual diesel was

a
c
M

ig. 3. Removal of the n-alkane components in diesel at varying N:P ratios for the r
ondition.
on the volumetric concentration of diesel (% v/v) and its density.
nded cells.

ttributed to factors, such as, maximum decay rate, duration
f active phase, initial abundance of the component and the
ate and extent of decay of other components in the complex
ixture.
Successful degradation of n-alkanes by cyanobacteria and

lgal-bacterial association in batch systems is reported by
arious researchers. The macroalgae, Padina, in association
ith oil degrading bacterial cultures, i.e., Acinetobacter and
ocardioforms was reported to cause 98% degradation of n-
18 [16]. Maximum degradation of n-C16 and n-C19 by
on-axenic cyanobacterial culture, Phormidium corium, from
il contaminated sediments was found to be 60 and 22.2%,
espectively. In contrast, maximum consumption of n-C16

nd n-C19 by non-axenic cyanobacterial culture, Microcoleus
hthanoplasts, was only 20.6 and 4.1%, respectively [12].
oreover, pure strains of Aphanocapsa sp., Plectonema tere-

eactor operated at 21 h HRT and 27.33 g TPH/m2 d under pseudo steady-state
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ig. 4. TPH and COD removal efficiencies for the reactor operated at varying
:P ratios.

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

In this study, at N:P ratio of 19:1, 28.5:1, 38:1 and 47.4:1,
he TPH removal efficiencies were 98.6, 99.4, 99.4 and 99.3%,
espectively, and the corresponding COD removal efficiencies
ere 84.6, 97.8, 97.0 and 95.6%, respectively (Fig. 4). Thus,

here is good correspondence between TPH and COD removal
fficiencies at N:P ratio of 28.5:1 and 38:1. The lower N:P
atio of 28.5:1 requiring lower nitrogen source addition may
e considered as the optimum N:P ratio for performance of the
eactor.

Treatment of oil and oily wastewater by heterotrophic cul-
ures has been carried out in batch systems and in different types
f bioreactors, including RBC. In batch cultures with 1% diesel
il, a pure strain of B. cepacia demonstrated 51% loss of diesel
ver 15 days with greater than 70% degradation of n-alkanes.
he rate and extent of degradation of diesel by this culture was
ignificantly enhanced (66% degradation over 5 days) in the
resence of the emulsifying chemical surfactant, Triton X-100
3,20]. RBC with polyurethane foam lined discs used for the
reatment of refinery wastewater (influent COD: 234–925 mg/L;
il: 26–124 mg/L) could achieve a maximum of 85.7% COD
emoval for OLR of 0.26–4.96 g TPH/m2 d [2]. RBC with a
iofilm of the achlorophyllous algae, Prototheca zopfii fed with
model mixture of aliphatic hydrocarbons (n-C14, n-C15, n-C16)
perated in batch mode could achieve 60% hydrocarbon removal
n 30 days [7].

In batch studies for hydrocarbon degradation using algal-
acterial system, the hydrocarbon concentration employed was
ound to range from 400 to 10,000 mg/L and the degrada-
ion efficiency of n-alkanes was in the range of 22–98%
12,16,17,24]. The highest oil degradation in suspended growth
ystem was reported for association of algae obtained from
redege river (AS-45 and AS-47) with Rhodococcus sp.

HX [24]. When algal-bacterial cultures were immobilized on
lass plates for removal of crude oil, the degradation was
ound to be 83% [15]. However, in this study, the RBC
eactor with algal-bacterial biofilm was found to be success-

t
N
t
t

rdous Materials 154 (2008) 63–72

ul in achieving TCOD and TPH removal of 97.8% and
9.4%, respectively, at high influent TCOD (4512.5 mg/L)
nd TPH (4961.4 mg/L) concentration.

The effluent pH (7.8–8.3) and alkalinity (400–850 mg/L)
as always found to be higher than influent and was found to

ncrease with the increase in N:P ratio (Table 3). This obser-
ation is related to the consumption of CO2 by phototrophic
icroorganisms. A good correlation was observed between

hlorophyll-a (representing phototrophic microorganisms on
he discs) and alkalinity in the system (r2 = 0.95). It has been
eported that, in open systems, phototrophic microorganisms
an reduce the free CO2 concentration below its equilibrium
oncentration with air and consequently cause an increase in
H. These microorganisms can continue to extract CO2 from
ater until an inhibitory pH is reached (pH 10–11) [25]. It has

lso been reported that assimilation of nitrate ions by actively
rowing phototrophic microorganisms also tends to raise the
H [19].

Dissolved oxygen (DO) in the effluent was always found to be
n the range of 4.0–5.8 mg/L under the ambient temperature con-
itions (26–30 ◦C). The high level of DO in the system in-spite
f the high organic loading is also related to the photosynthetic
ctivity of the phototrophic microorganisms. Similar observa-
ion was reported in an algal-bacterial RBC for treatment of
ow concentration of TCE [9]. The loading of ammonical nitro-
en (NH4

+-N) in the system was 0.00036 g/m2 d. NH4
+-N was

ound to be higher in the effluent (0.2–0.4 mg/L) compared to
he influent (0.066 mg/L). During assimilation of nitrogen by
hototrophic microorganisms and heterotrophs, nitrate nitrogen
s first reduced to NH4

+-N through four reducing steps [19]. It
as found that NH4

+-N loading in this study was much lower
han in the algal-bacterial system studied by Sahu [9] (0.2–0.8 g
H4

+-N/m2 d). Moreover, in their study, the NH4
+-N decreased

n the effluent (42–0.84 mg/L).
At N:P ratio of 19:1, 28.5:1, 38:1 and 47.4:1 (mole basis), the

itrate (NO3
−-N) removal efficiencies were 95.77%, 92.36%,

2.0% and 97.48%, respectively. At N:P ratio of 38:1, NO3
−-N

emoval was much lower than at the other N:P ratios. Corre-
pondingly, the density of phototrophic microorganisms on the
isc (chlorophyll-a, mg/cm2) and the effluent alkalinity was
uch lower than the expected trend. The total algal growth on

he discs was found to be similar to that at the low N:P ratio of
9:1. Thus, similar NO3

−-N utilization in these two scenarios is
xpected. Since, the influent NO3

−-N concentration is higher at
:P of 38:1, the NO3

−-N removal efficiency is lower (Table 3).
hus, the N:P ratio is a critical factor determining the relative
bundance of phototrophic microorganisms and bacterium in the
ystem and is an important factor determining the performance
f the reactor.

Variation in the total biomass (phototrophic microorganisms
nd bacterial biomass) on the RBC discs in different stages of
he reactor at varying N:P ratio is illustrated in Fig. 5 as VSS
mg/cm2). At the low N:P ratio of 19:1, total biomass was found

o be comparatively lower in all the stages of the reactor. At all the
:P ratios, biomass of phototrophic microorganisms was found

o be highest in the IIIrd stage of the reactor (Fig. 6). Growth of
hese microorganisms in the IInd and IIIrd stage of the reactor
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ig. 5. Total attached biomass of phototrophic microorganisms and bacteria on
BC discs (VSS, mg/cm2) in the Ist, IInd and IIIrd stage for the reactor operated
t varying N:P ratios.

as found to be lower at N:P ratios of 19:1 and 38:1 compared
o the other N:P ratios. From Table 3, it can be observed that
lkalinity in the effluent increased for all N:P ratios. Maximum
ncrease in alkalinity was observed at the highest N:P ratio of
7.4:1 which also corresponded with the highest chlorophyll-a
oncentration on RBC discs.

Minimum total suspended solids (8–20 mg/L) were observed
n the effluent at N:P ratio of 28.5:1 and 38:1. At the lowest N:P
atio of 19:1 and at the highest N:P ratio of 47.4:1, the average
ffluent TSS concentration was found to be 120 and 73 mg/L,
espectively. At N:P ratio of 19:1, sloughing was observed in the
Ind and IIIrd stage of the reactor at the end of the 9th day. At N:P
atio of 47.4:1, high growth of microorganisms was observed in
uspension in the Ist and IInd stage of the reactor. These studies
lso demonstrate that the optimum N:P ratio for degradation of

iesel in this system is 28.5:1.

The optimal N:P ratio for the degradation of diesel oil
btained in this study was found to be same as that reported for

ig. 6. Phototrophic microorganisms attached on RBC discs (chlorophyll-a,
g/cm2) in the Ist, IInd and IIIrd stage for reactor operation at varying N:P

atios.
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atch studies with B. cepacia and a consortium of marine algal
ulture [21]. For the degradation of crude oil (C10-C40) in algal-
acterial suspended growth batch systems, some researchers
ave reported degradation at a low N:P ratio of 0.98:1 (mole
asis) [11,13,16], whereas, other researchers have reported
egradation at a relatively higher N:P ratio of 23.9:1 (mole
asis) [17]. For the degradation of aromatic pollutants in algal-
acterial suspended growth batch studies, N:P ratio of 1.01:1
mole basis) was utilized [10]. When treatment of 1% crude oil
as studied by immobilizing oil degrading bacterial cultures

nd cyanobacterial cultures on glass plates and gravel particles
15], a ratio of 4.04:1 was found to result in high degradation
f crude oil. For the treatment of palm-oil mill wastewater in
suspended growth reactor, N:P ratio of 4.41:1 (mole basis)
as used for facilitating the growth of Chlorella pyrenoidosa

nd various other microorganisms [26]. During the treatment
f crude oil in a packed column reactor filled with perlite, N:P
atio of 3.26:1 (mole basis) was used for growing cyanobac-
erial mats from Ebro Delta [27]. The optimum N:P ratio for
he degradation of nitrobenzene and TCE [8,9] was found to be
.9:1 (mole basis) for RBC reactors with algal-bacterial biofilm.
n this study, although the N:P ratio is relatively higher, the con-
entration of nitrogen and phosphorus sources in the influent
s much lower compared to most other studies reported in the
iterature.

This treatment process was found to provide significant
dvantages over traditionally used oily wastewater treatment
echnologies. The specific advantages include: no soluble sub-
trate/additional carbon source requirement; low requirement
or nitrogen and phosphorus sources; capability of handling
elatively high concentration of oil; good effluent quality with
ery low residual concentration of oil and COD; lower sludge
eneration rate; good settleability of sludge; high DO levels
aintained by rotation of the discs and photosynthetic activity of

he phototrophic microorganisms; and alkalinity generation due
o phototrophic microorganisms. High alkalinity can counter the
endency for pH drop caused by accumulation of acidic interme-
iates during degradation of hydrocarbons by bacterial cultures.
he lower sludge generation rate reduces the problems asso-
iated with sludge treatment and disposal. In treatment units
mploying oil degrading cultures, sludge settleability problems
re commonly encountered, hence, enhanced settleability due
o presence of phototrophic microorganisms is a distinct bene-
t. Due to its ability to handle relatively high concentration of
il, this biological treatment process may be employed as a sin-
le step process in industries generating oily wastewater, after
ecycling the recoverable oil.

.4. Biofilm observations

Two types of colonies were observed after streaking the het-
rotrophic culture. The transparent colonies consisting of Gram
egative and rod shaped cells characterized B. cepacia that

as spiked into the reactor (Fig. 7a). Another distinct colony

ype comprising of white opaque colonies, larger in size than
hose of B. cepacia was also observed. Microscopic examina-
ion without staining revealed that the white opaque colony was
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Fig. 7. Microscopic examination of cultures present in the biofilm of t

unicellular fungus and appeared to reproduce by budding,
hich is typical of yeast (Fig. 7b). Moreover, when the pref-

rence to the different type of substrates was studied, it was
bserved that both the cultures could only use n-hexadecane
present in aliphatic fraction of diesel) as the sole source of car-
on and energy. These studies show that both the cultures could
ot grow on the other hydrocarbon fractions in the complex
APL.

Based on the cycloheximide test, it was concluded that the
hototrophic culture contained both green algae and cyanobac-
eria. Microscopic examination of the cyanobacterial culture
Fig. 7c) revealed the predominance of Phormidium. Phormid-
um was characterized by its distinct filaments, trichomes with
alse branching, without heterocysts, absence of spores and fil-
ments forming a thallus with more or less confluent sheath.
he other species of cyanobacteria present included Oscil-

atoria and Chroococcus. Oscillatoria was characterized by
ts distinct filaments, trichomes with false branching, without
eterocysts, absence of spores, clearly visible cells in the tri-
home, more or less straight trichomes not spirally coiled and
bsence of sheath. Chroococcus was characterized by its uni-
ellular/united colonies with colorless individual sheath and
y the non-vesicular spherical cells [23]. The cyanobacte-
ial cultures were unable to reduce acetylene to ethylene in

he acetylene reduction test, thus indicating the absence of
itrogenase activity and absence of heterocysts. Estimation
f phycobiliprotein pigments for the cyanobacterial consortia
ielded the concentration of PE, APC and PC as 35.41, 76.14

fi
b
f
t

ctor, (a) B. cepacia, (b) yeast culture and (c) cyanobacterial cultures.

nd 22.56 mg/mL, respectively. These values were found to be
reater than those present in a pure strain of Oscillatoria BDU
00731 (obtained from NFMC, Tiruchirappalli, India), which
ontained 20, 46 and 14 mg/mL of PE, APC and PC, respec-
ively.

.5. Residual oil in the biofilm

Upon termination of reactor operation after continuously
perating the reactor for more than a year, 82.11 g of dry biomass
nd sorbed oil was collected from the RBC discs. The mass of
il associated with 1 g of biomass was 0.582 g over and above
he controls (biomass assumed to have equal abundance of B.
epacia and phototrophic microorganisms). Gravimetric anal-
sis revealed that negligible mass of cellular components was
xtracted out from B. cepacia and phototrophic microorganisms
uring soxhlet extraction, i.e., 0.086 and 0.026 g/g, respectively.
he GC chromatogram of the extracted oil did not contain any of

he resolved n-alkane peaks typically present in diesel (Fig. 8a).
he extracted oil primarily consisted of the unresolved complex
ixture (UCM) hump representing the un-degraded aromatic

raction of diesel (Fig. 8b). The extract of B. cepacia and pho-
otrophic microorganisms grown in the absence of oil, showed
ery few peaks in the GC chromatograms. These results con-

rm that bulk of the oil representing the aliphatic fraction is
iodegraded by the biofilm on the RBC discs while the aromatic
raction of oil accumulates on the biofilm. Moreover, TPH in
he effluent is also primarily composed of the aromatic fraction.
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Fig. 8. GC chromatogram of (a) diesel and (b) oil

hese results are expected since none of the microorganisms
onstituting the biofilm were capable of degrading the aromatic
ydrocarbons in diesel.

. Conclusions

The present study indicates that association of phototrophic
icroorganisms and bacterium can result in better TPH removal

fficiency as compared to systems employing only heterotrophic
ultures in bioreactors. At N:P ratio of 19:1, 28.5:1, 38:1 and
7.4:1, the TPH removal efficiencies were found to be 98.6%,
9.4%, 99.4% and 99.3%, respectively and TCOD removal effi-
iencies were found to be 84.6%, 97.8%, 97.0% and 95.6%,
espectively, at a HRT of 21 h and OLR of 27.33 g TPH/m2 d.
:P ratios 28.5:1 and 38:1 were found to yield the best efflu-

nt quality marked by low TPH, TCOD and TSS concentration.

his association of B. cepacia and phototrophic microorganisms
t a reactor scale could overcome various operational prob-
ems commonly associated with hydrocarbon degradation. The

ajor advantages of this system apart from high TPH removal

T
i
N
C

iated with the biofilm recovered from RBC discs.

fficiency include good settleability of sludge, low phosphorus
equirement, no soluble carbon source requirement and pH sta-
ility. Thus, although RBCs are well known for treatment of
ow-strength wastewater using bacterial cultures, RBCs utiliz-
ng the association of phototrophic microorganisms and bacteria
an effectively treat wastewater with high organic loading. This
tudy presents a feasible technology for the treatment of wastew-
ter generated from petrochemical industries and petroleum
efineries using algal-bacterial biofilm in RBC.
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