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Abstract - This study evaluated the effects of aeration (constant aeration, intermittent aeration and a lack of
aeration) and hydraulic retention time (HRT) (2, 3 and 4 days) on a continuous process with cell recycling,
using chitosan as a natural coagulant for the sedimentation of a C; mixed culture. This culture was used for
the biodegradation of hydrocarbons present in the effluent contaminated with diesel oil and gasoline. The
responses monitored included the turbidity removal (TR), total petroleum hydrocarbon (TPH) removal and
volatile suspended solids (VSS). Constant aeration and an HRT of 4 days produced the best results for the
continuous process, resulting in the highest TPH removals (94% and 75% reductions in the supernatant and

reaction tank, respectively) and TR (95%).
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INTRODUCTION

The effluent generated in terrestrial fuel distribu-
tion terminals usually has a high organic load that is
the consequence of the presence of the hydrocarbon
constituents of gasoline and diesel oil (complex mix-
ture consisting basically of paraffinic, olefinic, ali-
phatic hydrocarbons and aromatic compounds and, in
smaller amounts, molecules containing sulfur, nitro-
gen, metals, oxygen, etc). Therefore, biodegradation
is impaired by recalcitrance of some of these com-
pounds present in gasoline and diesel oil and the
high organic load values occasioned by these hydro-
carbons.

The use of pure cultures (bacteria, yeasts or fila-
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mentous fungi) and mixed cultures for the decon-
tamination of sites contaminated with petroleum and
petroleum derivatives is often a promising techno-
logical solution, which significantly reduces or elimi-
nates the pollution load that may be present in the
soil or in liquid media (Bielecka et al., 2002; Diaz et
al., 2000; Lakha et al., 2005; Townsend et al., 2004;
Gogoi et al., 2003; Grishchenkov et al., 2000).

The activated sludge process is one of the most
widely used technologies for biological treatment of
wastewater. This process offers great advantages,
including a decreased susceptibility to the inhibition
of aerobic bacteria due to the short chemical adapta-
tion time of the mud, a lower propensity of the efflu-
ents to generate unwanted features and the lack of a
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need for a post-treatment. Additionally, the biochem-
istry and microbiology of the aerobic processes are
well understood, and the process provides opera-
tional flexibility and a high removal efficiency of the
compounds (Rosa et al., 2006).

The use of a process tank with vigorous mechani-
cal stirring for biological treatment of effluents con-
taminated with gasoline and oil diesel may impair
the sedimentation of the mixed culture (Vieira et al.,
2012). To enable the application of an activated
sludge continuous process, mechanical agitation of
the effluent is necessary, as well as a coagulant that
produces sedimentation of the mixed culture. Chi-
tosan, due to its biodegradability and power, has
proven polymer coagulant potential in the substitu-
tion of synthetic materials widely used in sewage
treatment (Wibowo et al., 2007).

In studies on the biodegradation of effluent from
fuel distribution terminals, Vieira et al. (2009a) ob-
served that the treatment of wastewater containing
hydrocarbons in a batch process gave a better result
with intermittent aeration. Vieira et al. (2012) noted
that, in treating this type of wastewater, sequential
batch processes with natural coagulant were better in
the cases having intermittent aeration. However, in a
continuous process, it is important to evaluate the
biodegradation using continuous aeration, intermit-
tent aeration and the absence of aeration.

Studies by Vieira et al. (2012) showed that the
use of coagulants, such as chitosan, showed better
results in terms of biodegradability and settling in
sequential batch reaction tanks when compared with
Moringa oleifera (natural coagulant), ferric chloride
and aluminum sulfate (Vieira ef al., 2010).

Thus, the objective of this study was to evaluate
the HRT (2, 3 and 4 days) and the level of aeration in
the reaction tank (continuous aeration, intermittent
aeration for 30 minutes at 6 hour intervals and the
absence of aeration), by monitoring the turbidity
removal (TR), total petroleum hydrocarbon (TPH)
removal and volatile suspended solids (VSS), em-
ploying chitosan for the settling of the mixed culture,
aiming at the cell recycle in a continuous process.
The initial and final COD of the continuous process
were also monitored.

MATERIALS AND METHODS
Effluent
The effluent used was obtained from an inland

fuel distribution terminal where spills of fuels (gaso-
line and diesel) occur occasionally during loading of

the fuel onto transport trucks. Due to the low C:N:P
in this effluent, 0.40 K,HPO,; 1.124 KH,PO4; 3.4
0.03 MnSO4.H,0 and 4.00 autolyzed residual brew-
ery yeast were added (all in g/L). With the addition
of these nutrients, a C:N:P ratio of 100:20:2.7 was
obtained (Vieira et al., 2009b). Effluent samples were
collected according to the procedures recommended
by the Associacdo Brasileira de Normas Técnicas in
document ABNT/NBR 9898 (ABNT/NBR, 1987)
entitled “Preservation and sampling techniques of
liquid effluents in recipient containers (Vieira et al.,
2007). The samples were stored at 4 °C after their
collection.

Microorganisms

The C; mixed culture employed in this study was
identical to the mixed culture used by Vieira et al.
(2007). The microorganisms in the mixed culture
have been previously isolated and identified (Vieira
et al., 2007). In this study for acclimation, the fuel
concentrations were progressively increased in the
medium since the TPH removal remained greater
than 70% on average. The time to achieve this level
of removal was 15 days for each increase in fuel
concentration. The microbial density was increased
due to successive cultivations with increasing con-
centrations of combustible performed every 48 hours
for 12 days at 30 £ 1 °C and 150 rpm.

Biodegradation Effluent
Continuous System
Figure 1 shows the continuous system specifi-

cally configured for this study that was constructed
with acrylic plastic and sealed with rubber stoppers.

Chitosan AT- Alimentation Tank
RT- Reaction Tank
MT- Misture Tank
ST- Sedimentation Tank

P3

ST +

S
>

Figure 1: Scheme of the continuous process used in
biodegradation of wastewater contamined with diesel
oil and gasoline.
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The experimental system employed in this study
consisted of a reaction tank (with a working volume
of 9 L and containing six ports connected to a me-
chanical stirrer, a thermometer, a dissolved oxygen
probe, a gas outlet and a pH meter), an alimentation
tank (working volume of 4 L), a mixture tank (work-
ing volume of 4 L), which provided the mixture of
chitosan to the effluent and a sedimentation tank
(working volume of 2 L). Reaction tanks operated
continuously with an HRT of 2, 3 and 4 days at room
temperature (29 £ 2 °C).

For the analysis of TPH and turbidity removals,
we adopted the following criteria.

a) Equation (1) was considered for the TPH
removal in the reaction tank:

RTPHc(%) = SOS_S Q)

o

b) Equation (2) was considered for the TPH
removal in the supernatant:

RTPHc(%) = S =5

2)

o

c) Equation (3) was considered for the turbidity
removal:

RT (%) =12 Tc 3)

Tx

where:

S, = TPH Concentration in the alimentation tank (P1)

S = TPH Concentration in the reaction tank output
(P2)

S, = TPH Concentration in the supernatant (P3)

Tr = Turbidity in the reaction tank (P2)

Tc = Turbidity in the supernatant (P3).

Reaction Tank Operating Conditions

Constant aeration using a bubble diffuser was
performed to obtain a concentration of 1.5 mgO,/L.
Intermittent aeration consisted of air injections every
6 h at a flow rate of 150 L/h for 30 min. The air flow
rate was measured with a rotameter and controlled
by an in-line valve.

The system was maintained at 29 + 2 °C and was
agitated continuously at 200 rpm/min. At the begin-
ning of the process, the pH was adjusted to 7.0
(Vieira et al., 2009a). The reaction tank was operated
for 20, 30 and 30 days with HRTs of 2, 3 and 4 days,
respectively.

Nine different aeration regimes (Table 1) were
tested by varying the aeration time for each HRT
condition. The aeration time for the intermittent aera-
tion shown in Table 1 represents the sum of all air
injection times.

Table 1: Results of Regime, HRT and Aeration Fre-
quency under different experimental conditions.

Exp. Regime HRT in the Aeration
(total aeration | reaction tank Frequency
time /HRT) (days)
(hours/days)
1 02 2 n/a
2 24/2 2 Intermittent
3 48/2 2 Constant
4 0/3 3 n/a
5 36/3 3 Intermittent
6 72/3 3 Constant
7 0/4 4 n/a
8 48/4 4 Intermittent
9 96/4 4 Constant

Conditions with constant aeration (experiments 3, 6 and 9), without
aeration (experiments 1, 4 and 7) and with intermittent aeration (ex-
periments 2, 5 and 8).

The produced sludge was continuously removed
from the sedimentation tank to maintain the concen-
tration of volatile suspended solids (VSS) in the re-
action tank.

Our target VSS and solid residence time (SRT)
were 1.8 gVSS/L and 10 days, respectively, to main-
tain a Food/Microorganism (F/M) ratio of around 0.6
for HRT of 2, 3 and 4 days. If the solids in the aeration
tanks increased above 1.8 g/L, the operator released
more sludge until the VSS level was again 1.8 g/L. If
the VSS dropped below 1.8 g/L, the operator re-
leased less sludge and allowed the solids concentra-
tion to increase. The SRT was also controlled
through these sludge withdrawals.

Natural Coagulants
Chitosan (CH)

One gram of chitosan powder (Sigma Aldrich
Inc.) was dissolved in 100 mL of 0.25 mol/L hydro-
chloric acid while stirring with a magnetic stirrer at
room temperature until a standard solution of 1% had
been obtained.

Analytical Techniques

The concentration of TPH was quantified accord-
ing to the method described by Vieira et al. (2007). To
measure TPH, hydrochloric acid was added to 10 ml
of effluent to achieve a pH of 2 or less. TPH was
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then extracted from the acidic mixture using the sol-
vent S-316 (dimer/trimer chlorotrifluoroethylene).
Quantification of the extracted material was com-
pleted using an infrared spectrophotometer (Horiba,
USA model OCMA-350). This spectrophotometes is
adapted to measure aliphatic and aromatic hydrocar-
bons, independent of the number of carbon atoms in
the compound. During the analysis, absorbances
associated with CH, CH, and CHj; groups are meas-
ured at wavelengths close to 3.4 um, specifically CH
(3.8 um), CH, (3.42 um) and CH; (3.50 pm). As-
sociated software then converts the absorbance into
total hydrocarbon content (U.S EPA, 2001). The
volatile, total and fixed suspended solids were quan-
tified along with SVI, COD (chemical oxygen de-
mand) and SOUR according to the Standard methods
for the examination of water and wastewater (Stand-
ard Methods for the Examination of Water and
Wastewater, 1998). The turbidity was measured with
a turbidity meter (model 2100N, Hach).

RESULTS AND DISCUSSION
Table 2 shows the average TR and TPH removal
in the reaction tank and in the supernatant obtained

with different aeration regimes.

Table 2: Results of Regime, TPH removals and
TR under different experimental conditions.

Exp | Regime (total | TPH removal | TPH removal | TR
aeration in the in the (%)
time/HRT) | reaction tank | supernatant
(hours/days) (%) (%)
1 0/2 50 73 84
2 24/2 50 72 80
3 48/2 55 82 87
4 0/3 60 80 88
5 36/3 58 80 83
6 72/3 65 87 92
7 0/4 70 85 90
8 48/4 70 83 85
9 96/4 75 94 95

TPH Removal in the Reaction Tank

The effluent showed an initial TPH of 7000 = 400
mg/L. Table 2 shows that the process of constant
aeration generally produced the best results for re-
moval, with a removal of over 75% for aeration
time/HRT of 96/4 (exp.9), followed by values of
65% and 55% for aeration time/HRT of 72/3 (exp.6)
and 48/2 (exp.3), respectively.

The experiments without aeration and intermittent
aeration demonstrate that, for the same HRT (experi-

ments 1-2, 4-5 and 7-8), the system has a similar
behavior, and the results were similar. This is most
likely the result of the short period of aeration, which
occurred at 6-hour intervals for 30 minutes. How-
ever, for this situation (experiments 7 and 8) is inter-
esting to note that the amount removed in the reac-
tion tank was also 70%. This suggests that low HRT
enhances the biodegradation of the effluent by C,;
mixed culture.

Vieira et al. (2010, 2012) studied the biodegrada-
bility of the same effluent presented in this work in a
sequential batch reactor (SBR) tank of 5 L using
chitosan, Moringa oleifera and ferric chloride with
polyacrylamide as coagulant. In these experiments,
the TOC and TPH removals for 4 cycles of operation
were: Moringa oleifera (31+£1.5% and 28+1.4%),
chitosan (82% = 0.5 and 80 £ 1.0%) and for the com-
bination of ferric chloride and polyacrylamide (78.4+
1.0% and 77.1£1.2%), respectively. When compared
with the best results obtained in this present study for
the aeration regime of 96/4 (Experiment 9, TPH re-
moval in the reaction tank was 75% and COD re-
moval was 77%, while in the supernatant the TPH
and COD removals were 94% and 95%, respectively.
These values demonstrate that the continuous pro-
cess is more efficient because the working volume of
the reaction tank was 9 L. The initial COD was 6330
+520 mg/L. The results also show that the bio-
degradability of the mixed culture was not impaired
by adding chitosan during the experiments. Moreo-
ver, this system was operated continuously thereby
simulating the actual conditions of a possible treat-
ment of contaminated effluent with diesel oil and
gasoline. This demonstrates the possibility of operat-
ing a pilot scale system to treat large volumes of
effluents.

Figure 2 shows the behavior of responses for TPH
removal (in the reaction tank and supernatant) and
TR as a function of aeration (constant aeration, inter-
mittent aeration and a lack of aeration) and HRT of
each experiment.

TPH Removal in the Supernatant

Figure 2 shows the TPH removal in the reaction
tank and supernatant. By analyzing these figures, it
can be observed that the difference between the TPH
removal in the reaction tank and in the supernatant
was approximately 30% for the HRT of 2 days, 25%
for the HRT of 3 days and 20% for the HRT of 4
days. This difference was due to the greater influence
of the HRT and not to significant changes in aeration
frequency. Preliminary tests showed that chitosan is
not efficient for hydrocarbon adsorption.

Brazilian Journal of Chemical Engineering
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Figure 2: TPH removal as a function of HRT and aeration regime.

Crisafully et al. (2008) also studied the adsorp-
tion of polycyclic aromatic hydrocarbons (pyrene,
anthracene, acenaphthene, naphthalene) present in
petrochemical wastewater. Results revealed that the
adsorption efficiencies followed the order: green
coconut shells > sugar cane bagasse > chitin > chi-
tosan. The literature indicates that chitosan may
serve as a chelating agent for negatively charged
molecules, such as vitamins, proteins, fatty acids,
polysaccharides and mineral salts (Bossi and Prasher,
2000; Lee et al., 2001; Guibal, 2004). Some of these
substances are produced by microorganisms and are
released in the fermentation. This may explain the
increase in TPH removal in the sedimentation tank.

It is observed that the lower HRT rate correlated
with a higher TPH removal in the reaction tank and
supernatant and that the smallest difference in TPH
removal of these two conditions increases because of
higher removal in the reaction tank. This fact shows
that the largest HRT provided greater bioremedia-
tion. Some of this behavior can also be explained by
the influence of pH on the supernatant, and the more
acidic condition (pH = 6) found for the HRT of 2
days that gradually increased for the HRT of 3 days
and 4 days with values of 6.4 and 6.6, respectively.

100~ Constant Aeration Intermittent Aeration

80

60

Turbidity Removal

The turbidity removal exhibited a behavior similar
to that observed for the TPH removal in the super-
natant (Figure 3). The best value of turbidity removal
(95%) was found for the aeration regime of 96/4.
Table 2 shows that the decrease of the HRT results in
a decreased TR. This decrease in turbidity can be
related to decreased VSS present in the supernatant
with decreasing HRTs. The values of VSS were of
0.5 g/L in the experiments at an HRT of 2 days, 0.4
g/L at an HRT of 3 days and, finally, 0.25 g/L at an
HRT of 4 days, regardless of aeration. This decrease
in turbidity is possibly due to a decrease in the cell
concentration observed in the supernatant. This also
justifies the reduction of TPH with increasing HRT.

It may also be noted that the experiments with
constant aeration presented the best results compared
with experiments with intermittent aeration and
without aeration. However, according to Widdel and
Rabus (2001), for aromatic compounds like benzene,
toluene, xylene and ethylbenzene that are degradable
without oxygen and are more water-soluble and thus
more easily dispersed, degradation may be facilitated
in reaction tanks without aeration.
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Figure 3: Turbidity removal as a function of HRT and aeration regime.
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This behavior was different from that observed by
Vieira et al. (2012), where a batch reaction tank with
intermittent aeration showed better results. It was
noted in this study that, in the continuous process
without aeration, the dissolved oxygen concentration
was 0.3 mgO,/L. This fact correlates with the vigor-
ous agitation of the medium and the recycle cell,
which may also have contributed to the better results
with constant aeration for the continuous process
under study. Moreover, the continuous process, using
a system with activated sludge coagulating agent and
chitosan, proved to be very promising for the re-
moval of hydrocarbons from wastewater generated in
the fuel terminals.

The use of a natural coagulant for the settling had
the purpose of obtaining a biodegradable sludge
without any other toxic product or heavy metal, in
order to ensure the treatment of effluent with hydro-
carbons in an environmentally friendly manner.

CONCLUSIONS

The use of chitosan solubilized in HCI proved to
be effective in continuous processes, because after
30 days of the process there was no change in the
average efficiency of COD and TPH removals. In the
continuous process, the best results for removal of
TPH and turbidity came from the continuous aera-
tion system with a feed flow rate of 1.6 mL / min,
which corresponds to the hydraulic residence time of
4 days. In this condition, we obtained turbidity re-
moval of 95%, TPH removals of 75% and 94% in
the reaction tank and supernatant, respectively, and a
VSS concentration of 1.8 g/L in the reaction tank.
These results are of interest from an environmental
perspective because this process allows the use of
biodegradable and natural coagulants for the treat-
ment of effluents containing diesel fuel and gasoline,
making the treatment sustainable and environmen-
tally friendly.

ACKNOWLEDGEMENTS

The authors acknowledge CNPq, CAPES and
FAPEMIG (Project TEC-APQ-01859-10), Brazil for
financial support.

NOMENCLATURE
CH chitosan (mg/L)

TPH  total petroleum hydrocarbon
TR turbidity removal

HCI hydrochloric acid (mol/L)
VSS volatile suspended solids (g/L)
HRT  hydraulic retention time (days)
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