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bstract

The purpose of this study was to evaluate the hydrolysis of wastewater with high oil and grease (O&G) concentration from a pet food industry
sing immobilized lipase (IL) as a pretreatment step for anaerobic treatment through batch and continuous-flow experiments. The intrinsic Michaelis
onstant (Km) and maximum reaction rate (Vmax) were estimated experimentally and the Km value of IL (22.5 g O&G/L) was six-folds higher than
hat of the free lipase (FL) (3.6 g O&G/L), whereas Vmax of both FL (31.3 mM/g min) and IL (33.1 mM/g min) were similar. Preliminary batch
naerobic respirometric experiments showed that chemical oxygen demand (COD) and O&G reduction were 49 and 45% without pretreatment
nd 65 and 64% with IL pretreatment respectively, while the maximum growth rate (μmax) for pretreated wastewater (0.17 d−1) was 3.4-folds
igher than that of raw wastewater (0.05 d−1) with similar Monod half-saturation constants (Ks ∼ 2.7 g COD/L). The continuous-flow experimental
tudy showed the feasibility of employing the hybrid packed bed reactor (PBR)-upflow anaerobic sludge blanket (UASB) system for the treatment
f high-strength oily wastewater, as reflected by its ability to operate at an oil loading rate (LR) of 4.9 kg O&G/m3 d (to the PBR) without any

roblems for a period of 100 days. During pseudo-steady-state conditions, the hybrid UASB produced relatively higher biogas compared to the
ontrol UASB, The effluent COD and O&G concentrations of hybrid system were 100 mg/L lower than that of the control UASB reactor and no
oam production was observed in the hybrid UASB compared to the control UASB reactor.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Wastewaters from food processing industries have very high
oncentrations of oil and grease (O&G), solids and chemi-
al oxygen demand (COD) levels, which are difficult to treat
hrough conventional biological treatment system mainly due
o slow biodegradability [1]. Anaerobic treatment processes are
onsidered to be better than aerobic processes because of valu-
ble biogas production, less biomass production, higher organic
oading application and less energy consumption [2]. How-
ver, sludge flotation/washout [3,4] and O&G adsorption on the
ludge surface [5,6] may reduce the treatment efficiency when
reating oily wastewater. These problems could be overcome by
nzymatic hydrolysis of O&G prior to anaerobic treatment [7].
Lipases (EC 3.1.1.3) are enzymes or biocatalysts, which have
he ability to catalyze the hydrolysis of fats, oils, and grease
triacylglycerols) to free long-chain fatty acids (LCFAs) and
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a
i
t
I
(
v
t

304-3894/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2006.11.004
naerobic processes

lycerol. This hydrolysis reaction (forward direction) needs fat
nd an aqueous environment, which can be favorably achieved
hen using meat processing or pet food wastewater as a

ubstrate. There are several research studies available on the
reatment of oily wastes with artificially added fats using free
ipase (FL) [7–12]. However, most of these studies focused on
he pretreatment of wastewater with artificially added fats at
ow concentrations (<1 g/L) and there is very little information
vailable on oily wastewater treatment using immobilized lipase
IL).

FLs are generally soluble and unstable, hence can be used
nly once in solutions. In addition, FL is not only often inacti-
ated due to different environmental conditions (ionic strength,
H, inhibitors) but also too expensive to utilize in wastew-
ter treatment. To overcome these problems, lipase can be
mmobilized on a suitable media. IL has the advantages of mul-
iple usage, controlled reactions, and thermostability [13–15].

n addition, for continuous operation in packed bed reactors
PBR) or fluidized bed reactors, ILs yield higher dosage per unit
olume of reactor and hence provide higher volumetric produc-
ivity compared to FLs [16]. Immobilization of enzymes can

mailto:gnakhla@eng.uwo.ca
dx.doi.org/10.1016/j.jhazmat.2006.11.004
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Table 1
Raw wastewater characteristics

Parametera Value (38b) Method

Total chemical oxygen demand (TCOD) 54.9 ± 7.7 Hach
Soluble chemical oxygen demand (SCOD) 22.7 ± 3.7 Hach
Oil and grease (O&G) 22.5 ± 4.7 Gravimetric
Total suspended solids (TSS) 39.2 ± 4.0 Stantard methods
Volatile suspended solids (VSS) 20.2 ± 4.4 Stantard methods
Alkalinity 2.0 ± 0.7 Stantard methods
Free long-chain fatty acid (LCFA) 2.5 ± 0.9 GC
Volatile fatty acid (VFA) 14.9 ± 4.1 GC
pH 6.7 ± 0.3 pH meter
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e achieved through matrix entrapment, which is based on the
oupling of enzymes to the lattices of a polymer matrix [17].
lginate is most widely used as matrix support because it is

heap, and has good gelling properties [15]. Moreover, alginate
el immobilization is a secure, fast, mild, and simple [18] proce-
ure. However, high concentrations of sodium, potassium, phos-
hate, and chelating agents may destroy the beads [16,18] and
he enzymes may leak out from the gel due to higher pore sizes of

atrix [19]. Another entrapment method for lipase immobiliza-
ion is the sol–gel method pioneered by Braun et al. [20], which
as reported to achieve a high activity yield and increased stabil-

ty [21]. However, this method yields brittle beads with diffusion
imitations [22]. These problems may be overcome by synthe-
izing a composite alginate–silicate sol–gel matrix [23]. It has
een proven that this co-immobilization technique can yield bet-
er stability upon ageing, limited enzyme leaching [24], better
pecific activity, and thermal stability compared to FL [22].

The purpose of this study was to evaluate the hydrolysis of
igh O&G containing pet food industrial wastewater using IL
s a pretreatment to anaerobic treatment. Initially, the kinetic
ehavior of both enzymes (FL and IL) with oily wastewater as
ubstrate was evaluated using Michaelis–Menten kinetic param-
ters. Subsequently, anaerobic batch respirometry tests were
onducted for raw and IL pretreated wastewater to evaluate the
mpact of pretreatment on anaerobic biodegradability and the
inetic coefficients were estimated. Finally, the feasibility of IL
retreatment was further evaluated in a continuous-flow hybrid
BR-upflow anaerobic sludge blanket (UASB) reactor system

o identify major operational issues and delineate cost and the
erformance comparison with a control UASB reactor system.

. Materials and methods

.1. Materials

Candida rugosa lipase (CRL) was obtained from Sigma-
ldrich Pvt. Ltd. (MO, USA) with an activity of 890 U/mg

or hydrolysis of olive oil at 35 ◦C. Colloidal silica (LUDOX
M-50) and sodium alginate were also purchased from Sigma.
otassium silicate was kindly donated by PQ Corporation
PA, USA) and all the other chemicals were purchased from
WR International (Ont., Canada). All the chemicals used were

eagent grade and used without further purification.

.2. Analytical methods

Wastewater analysis was carried out in accordance with “stan-
ard methods” [25]. LCFA concentrations were analyzed using
he method outlined in AOCS [26] and described in Jeganathan
t al. [27].

.3. Substrate
Oily wastewater from a local pet food industry was used as
ubstrate in all the experiments. The characteristics of the raw
astewater are given in Table 1. Since the wastewater has very
igh-suspended solids and O&G, the feed was homogenized to

m
w
a
w

a All units except pH are in g/L.
b Number of samples.

btain a uniform blend and diluted using tap water to 5% (v/v)
trength for all the experiments.

.4. Immobilization protocol

The CRL was immobilized on hybrid sol–gel/calcium algi-
ate beads and the details are given in Trivedi et al. [23].

.5. Enzyme assay

Lipase activities were determined by measuring the release of
ree fatty acids (FFA) by titration. Standard olive oil emulsion
ethod [28] was used for olive oil (for activity confirmation

nly) and animal fat emulsion method [29] was used for pet
ood wastewater. Optimum assay conditions were employed for
ydrolytic experiments with FL and IL. A pH of 7.2 and tem-
erature of 35 ◦C was used as optimum conditions for FL as
uggested by the supplier (Sigma-Aldrich Pvt. Ltd., MO, USA)
hile the pH was adjusted using 0.02 M Tris–HCl buffer. The
ptimum conditions for IL were found experimentally within the
H and temperature range of 4–9 and 25–40 ◦C to be at 6.8 and
7 ◦C, respectively. One unit of enzyme activity (U) was defined
s the amount of enzyme, which liberated 1 �mol FFA/min
nder the assay conditions. Relative activity was defined as the
atio of activity at any condition to maximum activity of FL at
ptimum conditions.

.6. Characterization of IL

The density, average mass, and average diameter were mea-
ured accurately. The particle size distribution was measured
y using Malvern particle size analyzer (Mastersizer, Spectra
esearch Corporation, Ont., Canada). The average bead diame-

er and standard deviations were calculated from the data.

.7. Batch treatability experiments

At first, the raw wastewater was pretreated with IL at opti-

um assay conditions prior to anaerobic treatability test. Diluted
astewater (5% v/v) was taken in 4–1 L flasks and IL beads were

dded at a rate of 0.04 g beads/g oil. The initial pH was adjusted
ith NaHCO3 to 6.8 and kept in an orbital shaker at 150 rpm for
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0 min at a temperature of 37 ◦C. Then the pretreated wastewa-
er was left to settle for 10 min. Two distinct phases (supernatant
nd bottom sludge) were observed and the settled beads were
emoved from the flasks. A mixture of supernatant and bottom
ludge (1:1, v/v) was used for anaerobic respirometry.

The respirometric experiments were conducted using 250 mL
erum bottles capped with natural rubber sleeve stoppers
AER208 system, Challenge Environmental System, AR). Vol-
mes of 70 mL of IL pretreated wastewater and 50 mL of seed
ludge were filled in flasks. The acclimatized seed sludge used
n this experiment was obtained from a laboratory-scale UASB
eactor treating pet food wastewater [27]. Blanks were also pre-
ared with raw wastewater and/or seed sludge. The pH of all
amples was adjusted to neutral with NaHCO3. The flasks were
hen kept in the temperature-controlled respirometer at 35 ◦C
nd mixed with magnetic stirrers. Each flask was connected to
he bubble counter through a KOH trap, and methane gas produc-
ion was recorded by a computer. The experiment was concluded
hen the biogas production stabilized. Initial and final samples
ere taken for analysis.

.8. Continuous reactor system

The viability of IL pretreatment was evaluated in a contin-
ous hybrid PBR-UASB reactor system and the performance
as compared with a control UASB reactor system. The control

ASB was made of PVC with a working volume of 15 L. The
ybrid system was made of Plexiglas and comprised of a PBR
2 L) and a UASB (10 L). The schematic diagram of both sys-
ems is shown in Fig. 1 and the operating parameters are given

c
h

Fig. 1. Schematic diagram of
us Materials 145 (2007) 127–135 129

n Table 2. The PBR of hybrid system was initially packed with
2 g of immobilized lipase beads and both the UASB reactors
ere seeded with anaerobic sludge from a full-scale anaerobic

eactor treating ethanol wastewater. Both systems were operated
t the same influent COD concentration for 100 days. Once the
ystem attained pseudo-steady-state conditions on Day 65, the
ow rates were doubled to evaluate the performance at higher
rganic loading rate (OLR) as seen from Table 2.

.9. Hydrolysis rate

Hydrolysis experiments were carried out at the optimum
ssay conditions to quantify the amount of free LCFA production
nd the hydrolysis rate in terms of molecular LCFA production
ate per unit mass of lipase, calculated in accordance with Eq.
1) for FL and IL.

ydrolysis rate

= LCFAproduced(mg/L) × Sample volume(mL)

Molecular weightLCFA(g/mol) × Lipase(g) × Time(min)

(1)

here, hydrolysis times for FL and IL were 10 and 30 min,
espectively.

.10. Kinetic parameters estimation
The lipase reaction rate (V) is related to the substrate con-
entration (S) by the Michaelis–Menten equation through a
yperbolic function with enzyme kinetic constants, that is, maxi-

the experimental setup.
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Table 2
Operational parameters of control and hybrid systems

Parameter Units Control UASB Hybrid PBR Hybrid UASB

Phase I Phase II Phase I Phase II Phase I Phase II

Duration d 64 36 64 36 64 36
Flow Rate L/d 6 12 4 8 4 8
HRT d 2.5 1.25 0.5 0.25 2.5 1.25
OLRa kg COD/m3 d 1.3 ± 0.1 2.4 ± 0.2 6.5 ± 0.6 12.1 ± 0.8 1.3 ± 0.1 2.3 ± 0.1
O b 3
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LCFA production rate per unit mass of lipase was calculated
in accordance with Eq. (1) and given in Table 3. Although the
rates for palmitic and oleic acids were comparable for both
FL and IL, the rates for the other LCFAs were 20–40% lower
il LR kg O&G/m d 0.5 ± 0.1 1 ± 0.1

a Organic loading rate.
b O&G loading rate.

um reaction rate (Vmax) and intrinsic Michaelis constant (Km).
max is the maximum reaction rate attainable with the given
mount of enzyme, when the enzyme is fully saturated with
ubstrate. Km is the substrate concentration, which gives half
max, and Km provides information about substrate binding to

he enzyme. In this experiment these kinetic constants were esti-
ated experimentally for the diluted oily wastewater at low oil

oncentrations (0.1–0.5 g O&G/L) using FL and IL. The data
as analyzed using nonlinear regression fittings where the mea-

ured reaction rate (Vmeas) was calculated by computing the
nstantaneous rate of FFA release and comparing it with the cal-
ulated reaction rate (Vcal) using the Michaelis–Menten equation
ntil it matched.

Monod kinetic model was used for estimating the anaerobic
inetic coefficients. The initial values for the kinetic parameters,
hat is, maximum substrate removal rate (k) and half-saturation
onstants (Ks) were assumed within the range reported in the lit-
rature [30] and the theoretical methane production (cumulative)
as calculated according to the initial values and compared with

he respirometric results. The average percentage errors (APEs)
etween the measured and calculated values were minimized
y changing the initial parameter values. The statistical signifi-
ance was verified by comparing true average value with model
alue using APE. All the other data was analyzed using Excel
003 with t-test (paired two samples for means) for parameters
nd models at 95% confidence intervals. All data reported are
he average values from duplicate measurements.

. Results and discussion

.1. Immobilization of enzyme

The effect of ratio of sol–gel to alginate on retained activity
as determined by varying alginate solution and lipase load-

ng. The optimum ratio (v/v) was found to be at 1:2 (sol–gel:
lginate) at a lipase loading of 20 g/L (data not shown), which
ielded an enzyme activity equivalent to 80% of that of FL. The
mount of lipase in the IL was found to be approximately 10%
by weight of the total beads). The protein content in the used
ardening solution and washed deionized water was negligible.

herefore, almost complete immobilization could be attained.
he density, average mass of bead, and average diameter were
easured accurately for the immobilized beads. Replicate mea-

urements showed that the bulk density was 650 ± 81 kg/m3,
2.8 ± 0.5 4.9 ± 0.4 0.4 ± 0.1 0.6 ± 0.2

olid density was 1150 ± 164 kg/m3, average mass of a bead was
bout 2.53 ± 0.18 mg, and the average bead diameter (volume
eighted average) was 82 �m.

.2. Optimum ratio of lipase to substrate

Finding an optimum ratio of FL or IL to substrate is vital due
o economic reasons. In this case, different amounts (0–0.1 g)
f FL and IL were added to the diluted oily wastewater (5%
trength, v/v) and the release of free acids was measured at opti-
um assay conditions. Results (data not shown) showed that

he optimum amounts of FL and IL for hydrolyzing 1 g of O&G
ere about 0.02 and 0.04 g, respectively. Since the IL beads con-

ained about 10% of FL, only about 0.004 g FL is necessary for
he hydrolysis by IL as opposed to 0.02 g FL.

.3. Effect of hydrolysis on LCFA and soluble chemical
xygen demand (SCOD)

In general, lipase hydrolysis of fat produces free LCFAs
nd water-soluble glycerol. Several hydrolysis experiments
for both FL and IL) were carried out at the optimum assay
onditions to quantify the amount of free LCFA production and
he results are shown in Fig. 2. As seen from Fig. 2, the total
ree LCFA increments were about 155 and 85% for FL and IL,
espectively. Lower LCFA increment in IL is attributed to mass
ransfer limitations. The hydrolysis rate in terms of molecular
Fig. 2. Free LCFA formation during hydrolysis.
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Table 3
Individual LCFA hydrolysis rates

LCFA MW (g/mol) Initial LCFA (mg/L) LCFA increment Hydrolysis rate

FL (mg/L) IL (mg/L) FL (�mol/g min) IL (�mol/g min)

Palmitic acid 256 18 ± 6 31.3 17.7 15.3 14.4
Stearic acid 284 8 ± 2 12.0 5.0 5.3 3.7
Oleic acid 282 33 ± 6 41.3
Linoleic acid 280 9 ± 3 15.3
Linolenic acid 278 5 ± 2 14.7
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Fig. 3. Change in SCOD, O&G, and free LCFA (as COD).

n the case of IL as compared to FL. It is interesting to note
hat the substrate (pet food wastewater) used in this experiment
ontained 50% oleic acid and 27% palmitic acid and all the
ther LCFAs were less than 10% [27], hence the free LCFA
roduction rates were comparable for FL and IL. Furthermore,
s shown in Fig. 3, the reduction in O&G was about 48 and
2% and the increase in SCOD was about 17 and 11% for
L and IL, respectively. Hence, the results of the preliminary
atch experiments confirmed that both the FL and IL behaved
imilarly and the prehydrolysis of wastewater with high O&G
y lipase could be beneficial as pretreatment for anaerobic
rocesses.

.4. Estimation of enzyme kinetic constants

The enzyme kinetic constants Vmax and Km for both FL and
Ls are summarized in Table 4. The experiments were con-
ucted at the optimum assay conditions and the values for IL

ere reported as apparent values (i.e. reflecting mass transfer

imitations) as opposed to true values. As seen from Table 4,
max values were similar for both FL (31.3 mM/g min) and IL

33.1 mM/g min); however, the Km value of IL (22.5 g oil/L) was

able 4
inetic constants of FL and IL for oily wastewater

arameter FL ILa Units

ichaelis constant (Km) 3.57 22.48 g O&G/L
aximum reaction rate (Vmax) 31.30 33.10 mM/g min
verage percentage errorb (APE) 2.6 4.3 %

a Apparent values.

b APE = Average Percentage error =
n∑

1

|Vcal−Vmeas|/Vmeas
n

where, V is reac-

ion rate, n is number of samples.

a
c
H
p
b
h
c
t

3

t

25.3 18.3 18.7
7.4 6.8 5.5
7.2 6.6 5.4

ound to be six-folds higher than that of the FL (3.6 g oil/L).
imilar results were obtained by Pereira et al. [28] where, CRL
as immobilized on chitosan and olive oil was used as sub-

trate. From their study, the Vmax values were about 38 and
1 mM/g min for FL and IL, respectively and the Km value of IL
0.42 M) was three-folds higher than that of FL. The compara-
ility of Vmax for the FL and IL suggests that there are no major
tructural changes in the enzyme during the immobilization pro-
ess. In a continuous-flow system, a lower Km value implies that
he enzymatic reaction follows first order kinetics, where the
eaction rate increases with the increase in influent O&G con-
entration. Km also influences the effluent O&G concentration
s the effluent concentration increases with the increase in Km.
owever, variations in influent O&G concentrations will more

trongly impact the effluent O&G concentrations at lower Km
alues than at high Km because the system is operating at max-
mum reaction rate. Alternatively, with high Km, the reaction
ate will increase with increase in influent O&G concentration
ut the effluent O&G will not increase proportionately. From
he batch kinetic studies, Km for IL was higher than FL, which
ight be due to mass transfer limitations [31], thus implying that

he diffusion of O&G through the packing is the rate-limiting
tep. As seen from Fig. 3, both O&G hydrolysis and free LCFA
roduction were relatively higher in FL compared to IL. In the
ase of continuous-flow systems, the resistance to the diffusion
f substrate into the immobilized enzyme is expected to be sim-
lar to or even more than the batch experiments, which would
ranslate to higher O&G concentrations in effluent, as compared
ith the use of FL for hydrolysis.

.5. Repeated use of IL

The repeatability test was conducted at optimum conditions
nd the results (Fig. 4) show that the IL could be used up to four
ycles, each lasting for 30 min with a retained activity of 55%.
owever, after four cycles, the activity loss is critical. This is
robably due to lipase leakage from the beads and/or blockage
y substrate/product. Accordingly, for continuous (four cycles)
ydrolysis of oily wastewater, about 53 mg of IL (which contains
a. 5 mg of FL) is sufficient for 1 g of O&G hydrolysis compared
o 20 mg of FL.
.6. Batch treatability studies

Preliminary respirometric studies were performed to evaluate
he effect of IL pretreatment on the anaerobic process. Samples
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Fig. 4. Repeatability usage of IL.

F
r

w
m
t
w

w
u
b
t
e
C
a
(
h
M
c
t

3

L
n
U
t
o
c
T
0
w
a
o
F
i
b
t
I
U
O
a
I
e
o
i

T
A

P

Y
I
M
I
D
I
I
A
A

ig. 5. (a) Variation in TCOD in respirometric studies. (b) Variation in O&G in
espirometric studies.
ere taken for analysis before and after the anaerobic respiro-
etric studies. As seen from Fig. 5, the results showed that

otal chemical oxygen demand (TCOD) and O&G reductions
ere about 49 and 45% without pretreatment and 65 and 64%

s
f
t
s

able 5
naerobic kinetic coefficients

arameter Literature r

ield coefficient, Y0 (g VSS/g COD) 0.04–0.17
ntrinsic max substrate removal rate, k (d−1) 0.77–6.67

aximum growth rate, μmax (d−1) 0.08–0.55
ntrinsic half-saturation coefficient, Ks (g COD/L) 0.11–3.18
ecay rate, kd (d−1) 0.01–0.015

nitial COD concentration (mg COD/L)
nitial total biomass (g VSS/L)
verage percentage error (APE) (Cum. Gas)
verage percentage error (APE) (Gas Prod. Rate)

a [30].
b Wastewater.
us Materials 145 (2007) 127–135

ith pretreatment, respectively. Since the pretreated wastewater
sed in the respirometry was a mixture of the supernatant and
ottom sludge (1:1, v/v), the TCOD was slightly lower than
hat of raw wastewater. Kinetic (Monod) parameters were
stimated from methane gas production and initial values of
OD and volatile suspended solids (VSS) (Table 5) for raw
nd lipase pretreated wastewater. The maximum growth rate
μmax) for pretreated wastewater (0.17 d−1) was 3.4-folds
igher than that of raw wastewater (0.05 d−1) with similar
onod half-saturation constants (Ks ∼ 2.7 g COD/L). This

learly shows that the IL pretreatment enhanced anaerobic
reatability.

.7. Continuous system performance

The purpose of the PBR was to hydrolyze the O&G to free
CFAs and therefore, the TCOD reduction across the PBR was
egligible. Consequently, both the control UASB and hybrid
ASB reactor operated at the same OLR and hydraulic reten-

ion time (HRT) throughout the study as given in Table 2. The
il loading rate (LR) was reduced to hybrid UASB compared to
ontrol UASB due to O&G hydrolysis in PBR. As seen from
able 2, the control UASB reactor was fed at an oil LR of
.5 ± 0.1 and 1 ± 0.1 kg O&G/m3 d whereas the hybrid reactor
as fed at 0.4 ± 0.1 and 0.6 ± 0.2 kg O&G/m3 d for phases I

nd II, respectively. Fig. 6a shows the temporal variations of
il LR for both the control and hybrid UASB reactors while
ig. 6b depicts the variation of influent and effluent COD. Sim-

larly, Fig. 6c shows the variation of O&G concentrations in
oth reactors. As seen from Fig. 6b, the effluent COD of con-
rol UASB reactor was about 400 and 450 mg/L in phases I and
I, respectively as compared to 285 and 200 mg/L for hybrid
ASB reactor. Furthermore, as seen from Fig. 6c, the effluent
&G was about 170 and 150 mg/L for the control UASB reactor

nd 65 and 60 mg/L for the hybrid UASB reactor in phases I and
I, respectively. From these results, it is evident that the efflu-
nt COD and O&G concentrations of hybrid system were not
nly 40% lower than that of control UASB reactor, but also var-
ed less widely. Several processes such as adsorption on the seed

ludge, hydrolysis, biodegradation, and desorption influence the
ate of O&G in the UASB reactor. In the control UASB reac-
or, without enzyme, the hydrolysis rate is expected to be very
low relative to adsorption and desorption. Thus, the cyclical

angea Raw wwb Pretreated wwb

0.05 0.08
0.96 2.16
0.05 0.17
2.67 2.80
0.015 0.011
1705 1407
16.2 16.4
13 28
15 8
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rend of the effluent O&G in the control UASB (Fig. 6c), which
id not match the influent O&G variations can be attributed to
he predominant impact of sorption and desorption. In the test
ASB, due to the prehydrolysis of O&G to free LCFAs in the
BR, the rates of adsorption, biodegradation, and desorption are
nticipated to be much higher than the control, thus stabilizing
he effluent quality. Furthermore, the hybrid UASB received a
niform O&G due to hydrolysis in PBR. In this study, diurnal
iogas production rate was measured using a wet tip gas meter
Rebel point Wet Tip Gas Meter Co., Nashville, TN) and the
ethane content was measured regularly at about 68–70% in

oth UASB reactors. Fig. 6d illustrates the temporal variation of
ethane production per unit influent COD. During the pseudo-

teady state period, the control UASB produced 0.39 ± 0.08
nd 0.29 ± 0.06 L CH4/g CODin whereas the hybrid UASB pro-
uced 0.46 ± 0.08 and 0.34 ± 0.05 L CH4/g CODin in phases I
nd II, respectively. It must be asserted that the differences in
ethane production per influent COD between the control and

ybrid UASB were found to be statistically significant at the
5% confidence level.

Generally, anaerobic treatment of high O&G wastewater is
indered by foam or sludge flotation [32]. In this compara-
ive study, the control UASB reactor produced about 0.18%

vfoam/vinfluent) foam on Day 51 which was removed manually
rom the top of the reactor every week at a rate of 0.12 L/week.
nitially, there was no foam production in the control reactor due
o the adsorption and accumulation of O&G onto the biomass

d
e
a
i

t COD of control and hybrid systems. (c) Influent and effluent O&G of control

n the bed. With time, the accumulation increased which caused
he effective density of biomass to decrease below that of water,
hus leading to foam production. The analysis of foam showed
hat the foam contained TCOD of 168 ± 125 g/L and O&G of
8 ± 44 g/L. The foam also contained lighter seed sludge and
ence, this reduced the amount of seed sludge in the bed. On the
ther hand, the hybrid UASB reactor did not produce any foam
ill Day 100 due to prehydrolysis in PBR, which reduced the oil
R to the hybrid UASB (Table 2).

The performance of the PBR was hampered occasionally by
he instability of IL beads, which broke into pieces especially
n phase II. Consequently, the broken beads were removed and
he inner wall of the reactor was cleaned to remove attached
&G every week. The O&G in the cleaning water was only

bout 0.06% (w/w) of the influent O&G. They were replaced
ith fresh beads at the rate of 4.6 and 12.5 g/week for phases I

nd II, respectively. Strong support media such as glass beads
ould be used to immobilize the lipase to reduce the replacement
requency.

Overall cumulative COD mass balances were carried out for
oth UASBs at different phases. The influent COD was equated
o the summation of COD effluent, sludge accumulation, foam,
nd biodegradation using the weekly data and the calculation

etails are given in Jeganathan et al. [27]. The COD was gen-
rally balanced within 10%. As seen from Table 6, about 82
nd 89% of the influent COD was removed by biodegradation
n phase I in the control and hybrid UASBs, respectively. How-
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Table 6
COD balance (as % of influent COD)

COD (%) Phase I Phase II

Control Hybrid Control Hybrid

Effluent 10.2 8.4 14.1 6.3
Sludge 1.2 2.5 2.1 2.3
Foam 4.0 0.0 7.7 0.0
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egraded 81.7 88.9 73.3 81.8
naccounted 3.0 0.2 2.7 9.6

ver, the increase in OLR in phase II caused an increase in foam,
hich reduced the degradation in the control UASB whereas
ybrid UASB reactor was unaffected.

.8. Commercial viability

In this research, purified lipase at $1 g−1 (Sigma-Aldrich
vt. Ltd, MO, USA) was used to evaluate the treatability of
ily wastewater. From the continuous experiment with hybrid
eactor system, the cost of the treatment was calculated to be
bout $100 m−3 of wastewater based on purified lipase costs.
evertheless, the cost of treatment could be reduced to as low

s $2 m−3 based on the cost of commercial lipase ($4 kg−1)
ith 20% of the activity of purified lipase. Hence, the use of
npurified, commercial lipase makes the hydrolytic pretreatment
echnology more cost-effective.

. Conclusions

From the study on the hydrolytic pretreatment of oily wastew-
ter by the IL, the following conclusions could be drawn:

. The Km value of IL (22.5 g O&G/L) was six-folds higher
than that of the FL (3.6 g O&G/L) where, Vmax of both FL
(31.3 mM/g min) and IL (33.1 mM/g min) were similar.

. The repeatability test showed that the IL could be used up to
four cycles with a retained activity of 55%.

. Preliminary anaerobic respirometric experiments confirmed
the biodegradability of wastewater pretreated by IL and the
COD and O&G reduction were 49 and 45% without pre-
treatment and 65 and 64% with pretreatment, respectively,
while the maximum growth rate of pretreated wastewater
(0.17 d−1) was 3.4-folds higher than that of raw wastewa-
ter (0.05 d−1) with similar Monod half-saturation constants
(∼2.7 g/L).

. The continuous-flow experimental study showed the poten-
tial advantages of the hybrid PBR-UASB system over the
control system for the treatment of high-strength oily wastew-
ater where the hybrid system was operated up to an oil LR
of 4.9 kg O&G/m3 d (to the PBR) without any problems for

a period of 100 days. The hybrid system produced nearly
18% higher gas than the control system and 100 mg/L lower
effluent COD and O&G concentrations. Moreover, no foam
production was observed in the hybrid UASB compared to
the control UASB reactor (0.18 ± 0.14% vfoam/vwastewater).
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[
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